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In this thesis, Deployable Protective Structure (DPS) is proposed as a type of structure 
which is designed to meet the requirements for civilian or military facilities in which 
both mobility and protection against extreme loadings are the main concerns. This 
type of structures combines the technology associated with deployable structures and 
protective structures to provide multi-functional uses in extreme environment. They 
are capable of large geometric configuration transformation and are designed to 
protect against accidental or intentional explosions and attacks by explosive devices, 
ballistic weapons and vehicle crash, etc. 
 
The development of DPS involves conceptual development, protective material 
properties, structural robustness against blast and impact. The developed DPSs are 
investigated under view of interdisciplinary technologies and knowledge such as 
structural engineering, mechanical engineering and architecture, and material science 
disciplines.  
 
Firstly, conceptual designs of deployable protective systems including three types of 
Deployable Protective Shelters (DPSh) in terms of various accommodation sizes and 
a Deployable Vehicle Crash Barrier (DVCB) system are developed. Origami 
deployment patterns are investigated and several configurations are proposed. 
Graphical modeling and scaled prototyping are developed to validate the design 
concepts. Detailed design considerations are also introduced, such as joint design, 
iv 
 
lifting devices and stability considerations, multi functional applications, and 
customizable considerations. 
 
Secondly, material properties of high strength steel are investigated to understand the 
protective capability and robustness of the proposed DPSs by utilizing the high 
strength steel plate to resist blast loading and high velocity impact. Both strain 
hardening and strain rate hardening for high strength steel XAR-450 are investigated. 
The common used Johnson-Cook and Cowper-Symonds constitutive models and 
design parameters are proposed based on least-squares fitting with test data so that 
they can be used for numerical analysis of DPSs subject to blast and impact. 
 
Finally, structural robustness in terms of blast resistance and impact resistance of the 
proposed DPSs are investigated both experimentally and numerically. The blast 
numerical simulation is validated by the comparison of blast field test result through 
the finite element analysis of a sample plate, followed by the numerical simulation of 
two DPShs. The failures of a DPSh against extreme blast loadings are also 
investigated with a comparison of normal Standard Commercial Container (SCC). 
High velocity impact resistance for both bullet and Fragment Simulating Projectile 
(FSP) were tested on high strength steel plates and composite fabric. Numerical 
simulation for high velocity impact resistance of high strength steel is also carried out. 
In addition, the vehicle crash impact resistance is investigated through the friction and 
impact test of the spiked plate. Based on the test results, numerical simulation is 




The study shows various designs of DPSs reflecting a good balance between usually 
two conflicting parameters: protection and deployability. The proposed DPSs are not 
only conveniently stored and transported, rapidly deployed, but also equipped with 
protection level. It is concluded that the proposed DPSs offer multiple functional 
applications and they possess excellent flexibility, mobility and protection level for 
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Chapter 1 Introduction 
1.1 Background 
Frequent arm races among super power countries, armed conflicts between local 
regimes or anarchical organizations, and many other forms of violent strikes and 
terroristic attacks take place everywhere. During these conflicts or attacks, a great loss 
or ruin happen in buildings, people, and assets. Therefore, the research of protecting 
people and assets against military or terrorist attack is relevant to the entire human 
beings. 
 
Accordingly, it is essential to design and construct some particular structures, which 
perform like shields. These structures are furnished with effective protection level 
against various attacks, such as bomb explosion, bullet shooting, and vehicle crash. 
This type of structures will act as a good bunker for human beings and assets. 
Generally, both civil and military structures are designed and constructed to remain as 
they are built and where they are built. Thus, a bridge becomes a fixed crossing over a 
river, and a skyscraper a fortified beacon in a skyline. However, due to the uncertainty 
of the combat fields, conventional ponderous building structures are inconvenient and 
ineffective due to the construction and erection of which is awfully time consuming. 
In this case, considerations of the mobility, flexibility and adaptability are taken into 
the design of this type of structures. As one type of the innovative structures, it should 
be flexibly designed and comprehensively investigated. Thus, a new structural 
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conception - Deployable Protective Structure is introduced in this thesis. 
1.2 Concept of Deployable Protective Structures 
Deployable Protective Structure, as the name suggests, is a type structure that is a 
combination of Deployable Structure and Protective Structure, which takes the 
advantages of both types of structures. Therefore, the concept of Deployable 
Protective Structure, given an abbreviation “DPS”, is developed. “D” represents 
deployable feature – the structure can undergo large geometrical change from a 
compact shape to a deployed form. “P” denotes protective feature – the structure is 
equipped with protection level and maintain robustness under capricious military 
dynamic loadings. “S” means the structure as if it is a shield, which expresses the 
application purpose of the structure to provide safe place under emergent issues.  
 
DPS has many advantages: light weight; deployability; protective ability; flexibility; 
convenient storage and transportation; combination of a variety of interdisciplinary 
research. 
1.3 Research Scopes and Objectives 
This research aims at developing innovative DPS systems to meet a variety of safety 
requirements. The scopes of this research on DPS include morphological study to 
generate innovative geometric configurations, building physical prototypes to verify 
the design concept and deployability, development of detailed design, experimental 
investigations of various high strength protective materials, and advanced finite 
element simulations of DPS subject to blast overpressure and impact. 
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The objectives of this research are outlined as follows: 
 
1) Generate a series of novel design concepts for Deployable Protective Structures 
(DPSs) in terms of different spans, accommodation sizes, functions, and resistance 
capabilities. 
 
2) Utilize graphical modeling and scaled prototyping to further validate, enhance the 
design concepts, and improve necessary detailed design for the DPSs in terms of 
deployability and robust protection. 
 
3) Develop flexibly adaptable joints for the proposed DPSs. Explore the deployment 
process, mechanism and locking system after deployment for the proposed DPSs. 
 
4) Conduct the impact and blast resistance tests to investigate the ballistic and impact 
resistance of various protective materials which act as potential covering materials of 
DPSs to satisfy various protection levels. The tested materials include high strength 
steel and multi-ply Twaron fabric. The structural performances of these materials are 
compared with the conventional mild steel material. 
 
5) Investigate the blast and impact resistance for DPS using finite element numerical 
simulation. First, investigate the material property of high strength steel, especially 
the strain rate effects. Second, obtain the material model parameters to be input in the 
Finite Element Analysis software. 
 
In summary, the aim of this research is about using both laboratory experiments and 
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numerical simulation to develop and validate innovative concepts of Deployable 
Protective Structures to protect human being, and valuable assets for safety reasons. 
1.4 Organization of Thesis 
This thesis consists of seven chapters, the main research work of which is presented 
as below: 
 
In Chapter 1, Deployable Protective Structure (DPS) is introduced. The concept of 
DPS and the significance of this research are presented. The scopes and objectives of 
the thesis are outlined. 
 
In Chapter 2, the applications and developments for both Deployable Structures and 
Protective Structures are reviewed. These two types of structures are classified and 
evaluated respectively. 
 
In Chapter 3, it is proposed conceptual designs of novel deployable protective shelters 
in terms of accommodation size and basic geometric configuration classification, and 
a deployable vehicle crash barrier system. All the proposed DPSs are conceived by 
initial design concept and origami morphology, based on which, the engineering 
design concepts are developed by conducting the graphic modeling, further validated 
by scaled prototypes. In addition, detailed design constituents are considered to 
facilitate the deployment and transportation. 
 
In Chapter 4, the use of high strength steel XAR-450 for DPS covering material 
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through experimental investigations is investigated. Static uniaxial tensile tests are 
firstly carried out to obtain the basic mechanical properties such as elastic modulus, 
tensile strength and strain hardening behaviour. Tensile Split Hopkinson Bar tests are 
then performed to obtain the ultimate tensile strength at strain rates between 103s-1 and 
104s-1. Finally, Cowper-Symonds and Johnson-Cook constitutive models and design 
parameters are proposed based on least-squares fitting with test data so that they can 
be used for numerical analysis of protective structures subject to blast and impact. 
 
In Chapter 5, the blast resistance of the proposed DPSs is investigated. Firstly, blast 
field test is implemented to examine the structural plastic performance of a sample 
plate in contrast with the preliminary finite element results. Secondly, the parametric 
study on blast resistance for two types of deployable protective shelters is investigated. 
Additionally, ductile fracture of the high strength steel is investigated for the failure 
analysis of the DPSs against extreme blast loadings. The failure modes are compared 
with those of the standard commercial container. 
 
In Chapter 6, the impact resistance of proposed DPSs is investigated. Bullet and 
fragment simulating projectile (FSP) penetration test are carried out to testify the 
covering material - high strength steel in accordance with the NIJ standard and 
STANAG standard respectively. And then the numerical simulations on high strength 
steel against bullet and FSP impact are investigated for further predictions. 
Furthermore, the vehicle crash impact resistance is investigated based on the friction 
and impact test of the spiked plate. 
 
In Chapter 7, it is summarized main findings and draws recapitulative conclusions of 
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this thesis. Furthermore, potential future research aspects are recommended. 
 
Chapter 2 Literature Review 
- 7 - 
Chapter 2 Literature Review 
The conception of Deployable Protective Structure (DPS) is based on two types of 
structures: Deployable Structures and Protective Structures, each of which possesses 
very particular features. Appropriate balances according to specific requirements are 
made between deployable and protective features for DPS. Therefore, it is useful to 
review the structural form of deployable structures and protective structures, which 
offers good understanding in designing the suitable DPSs with ballistic and impact 
resistance investigation. 
2.1 Deployable Structures 
Deployable structures are a type of transformable structures, which is capable of 
performing large geometric transformation. This type of structures usually has two 
structural form conditions, one is compact state and the other is deployed state. The 
process in which the structure undergo the shape from compact to deployed state is 
referred to as “Deployment”, while the reverse process is regarded as “Retraction” or 
“Folding”. Typically, deployable structures can be applied to facilitate convenient 
storage and transportation, and when required they are able to be deployed to their 
operational configurations. 
 
They universally exist in people’s daily life, from past to present, e.g. balloons, fans, 
umbrellas, foldable bicycles, foldable chairs, hand phones, laptops, etc (shown in 
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Figure 2.1). In spite of having different sizes and functions, there is a common feature 
among them: they all retain the functionality of conventional structures but also are 
capable of undergoing large geometric diversification.  
       
 









Foldable storage box Foldable glasses 
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2.1.1 Introduction 
To some extent, biology is regarded as the origin and natural history of deployable 
structures (Pellegrino, 2001). An organism performs integrally through expending the 
minimum amount of material to form its structure, and optimum utilization of 
material, which enables effective deployment. The outstanding concept of obtaining 
ideas from nature to creative engineering technology has been given a certain number 
of names such as “Biomimetics”, “Biomimesis”, “Biognosis” and “Bionics”. A 
variety of advanced technologies and design concepts in civil engineering are derived 
from nature. The mechanisms behind the foldable structures like the mimosa (shown 
in Figure 2.2) offer the ideas for easily deployed roof structures. 
 
 
Deployable structures are structures that can possess multiple configurations, i.e. they 
can alter their shapes and volumes. This type of structures is usually developed to 
minimize the space occupied by the structures during storage or transportation and 
also to enable the particular structures to adapt their forms to various situations. A 
deployable structure is an assembly of prefabricated members that can be transformed 
from a compact or folded configuration to a predetermined expanded form of a 
Figure 2.2: Sensitive plant - mimosa 
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complete stable structure capable of carrying loadings (Gantes, 2002). The 
functionality and the feasibility of such structures depend not only on their structural 
behavior of the final configuration under service loads but also on their structural 
response during deployment and retraction. The multiple design criteria during 
deployment as well as in the final deployed configuration distinguish these structures 
from conventional structures. 
2.1.2 Classifications and Characteristics 
As a matter of fact, there are a variety of deployable structures, throughout all 
branches of engineering and in diverse applications. These structures range from 
retractable automobile antennas to temporary tents to folding-wing airplanes to the 
gigantic retractable roofs which cover sports stadia during inclement weather. 
 
According to the different application fields, deployable structures can be classified 
into terrestrial, aquatic and spaceborne ones. The terrestrial applications are classified 
and described as follows (Gantes, 2002): 
(1) Structures with rigid 1-D bars connected to each other in various pantographic 
arrangements of 2-D and 3-D; 
(2) Structures with 2-D panels connected to form various surface structures, basic 
element being a triangular panel; 
(3) Tension structures consisting of cables or membranes, or combination of both, 
either prestressed or pneumatic; 
(4) Deployable tensegrity structures composed of rigid rods and cables such as the 
200 m Georgia dome of Atlanta, U.S.A.; 
(5) Retractable roofs for stadiums based on any combination of the above-mentioned 
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system; 
(6) Other architectural applications. 
 
In terms of kinetic characteristics during the process of deployment, deployable 
structures can be roughly classified into two types (Liu, 2005):  
(1) Multiple rigid body system: In this system, every part performs in the style of 
rigid body movement. 
(2) Both rigid movement and transformative movement interacted system: During the 
large rigid body movement, there exist in the members or elements of the 
structures self amoeboid movements. This system represents the characteristic of 
strong coupling. 
 
The deployable structures have many mutual advantages: 
(1) Light weight; 
(2) Deployability 
(3) Foldability; 
(4) Flexible structural integral system; 
(5) Convenient storage and transportation; 
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2.1.3 Conventional Deployable Structures 
Deployable structures can vary their shape automatically from a compact, packaged 
configuration to an expanded, operational configuration. They have various potential 
applications in aerospace, aquatic and terrestrial engineering. 
 
The first properly engineered deployable structures were used as stabilization booms 
on early spacecraft. More complex structures were later devised for solar arrays, 
communication reflectors and telescopes. Research in designing structural 
mechanisms has primarily been driven by aerospace applications (Figure 2.3) where 
large structures have to be packaged into small volume for launch, and expanded 
when they reach the orbits. 
 
For the aquatic applications, a deployable fish farm system was proposed by Liew and 
Vu (2010). As shown in Figure 2.4, it can transform its shape to adapt to the ocean 
waves, protecting the fishes.  
Figure 2.3: Deployable structure in aerospace engineering 
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In terrestrial application fields, there have been a variety of developments, including 
retractable roofs for sports stadiums and swimming pools, foldable components for 
cars, portable structures for temporary shelters and exhibition displays. 
 
Civil engineering structures are usually designed to remain as permanent structures. 
Thus a bridge becomes a fixed crossing of a river, and a tall building a familiar 
beacon in a skyline. However, there are exceptions, of course. For example, the Tower 
Bridge over the River Thames, which is an iconic symbol of London, is a combined 
bascule and suspension bridge, which is enabled to open to allow large port facilities’ 
access.  
Figure 2.4: Deployable structure in the sea 
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Figure 2.5: London Tower Bridge  
Another example is Milwaukee Art Museum (Figure 2.6), the structure of which 
contains a moveable, wing-like structure. It is able to open up for a wingspan of 217 
feet during the day, folding over the arched structure at night or during inclement 
weather such as shading its atrium from the strong sun. 
  
Figure 2.6: Milwaukee Art Museum 
(Source:http://en.wikipedia.org/wiki/Milwaukee_Art_Museum) 
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Such exceptions fall into the category of deployable structures, which have more than 
a single appropriate configuration: open and closed, folded and unfolded, stored and 
deployed. 
 
Deployable building structures can change their forms, an ability that can be utilized 
for various applications to meet different function requirements. Instant spaces can be 
erected for temporary use. Walls and roofs can be retracted to transform a space from 
indoors to outdoors. Structures can transform to create exciting venues for 
performances and entertainment. Windbreaks and sunshades can respond to changes 
in weather or time of a day. 
 
The requirement for an easily transported and rapidly erected tent or shelter system is 
essential for military and emergency aid situations, civilian applications and the 
leisure industry. Using a series of simple mechanical linkages a 2D member can be 
easily expanded to provide temporary accommodation, such as the simple deployable 
tents shown in Figure 2.7. 
    
Figure 2.7: Deployable tents 
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Conventional deployable structures in terms of several types of structural systems will 
be reviewed in the following sub-sections, which mainly focuses on the terrestrial 
civil engineering applications. 
2.1.3.1 Container-based shelter systems 
Container-based shelter systems are among the most popular instant shelter designs 
available today due to their simplicity in manufacturing and installation, and their 
convenient transportation because of the standard sizes. They are comprehensively 
used in many areas including military, offshore living quarter, and mobile 
accommodation. Basically, there are two types of deployment for container-based 
systems. The deployment of the shelter can be from the ISO container form (Figure 
2.8) or from stack form (Figure 2.9 and Figure 2.10). 
 
The first type is self-contained foldable container. The deployment of this type of 
structure requires the rolling of panel components as shown in Figure 2.8 [w1]. This 
arrangement allows pre-installing facilities such as air-conditioners, lighting, etc. 
Extension to larger area might be achieved by placing such units side by side. 
However, one dimension is always fixed at 6 m or 12 m. 3S Group Company's 
expanding shelter takes less than 20 minutes to set up a whole unit. Interior usable 
floor space is 36 m2. Net weight is 3200 kg - Gross weight is 8000 kg. 
 
The second type is a container-based shelter whose deployment is achieved by 
deploying the stackable containers as shown in Figure 2.9 [w2]. According to 
Uniteam Company, the basic idea of developing the Rapid Deployment Shelter was to 
have an accommodation unit with low weight, occupying less transportation space. It 
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can be erected in less than two minutes using simple crane or fork lift equipment. It is 
also easy to erect and dismantle without losing parts. Seven shelters can be 
transported or stored in a 20’ ISO container.  
 
Similarly, 3S Group company also designed Multi-Shelter (shown in Figure 2.10) [w3] 
in this type, which meets the requirements of rapid deployment forces and fast 
implementation of infrastructure in disaster relief operations. The shelter is readily 
constructed and no assembly is required before erection on site. Erection is by means 
of a purpose made hoisting device, a crane or a fork lift. The complete unit is set up in 
less than 10 minutes and requires only a flat piece of land. 
 
Major components of expandable container-based shelters include the steel frames 
and steel sheet welded together to form container shape. Some other components are 
hinged to each other to allow deployment by rotation. 
Figure 2.8: Expanding shelter 
(Photo courtesy: 3S Group) 
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2.1.3.2 Strut-assembly System 
Strut assembly system is based on the erecting and assemblage of struts. The major 
advantages of this system are structural efficiency and flexibility in shapes and sizes. 
However, preparation for deployment of strut assembly is time consuming and very 
difficult to be improved. Generally, the preparation for deployment of strut assembly 
requires high human effort which is very close to the conventional construction 
techniques. 
 
Strut assembly is also among the most common forms of system that is used widely 
by the military today. In 2007, the US Army Natick JOCOTAS [w4] (Joint Committee 
on Tactical Shelters) has adopted strut-assembly shelter as one of their two strategic 
types of shelters. The usage of strut assembly is flexible in terms of shapes and sizes. 
Figure 2.10: Multi-Shelter  
(Photo courtesy: 3S Group) 
 
Figure 2.9: Rapid Deployment Shelter 
(Photo courtesy: Uniteam Company) 
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Because of its popularity, there are many suppliers in the world providing such 
systems - Rubb Building Systems [w5], or Ably Shelters [w6]. Figure 2.11 shows the 
rapid environmental shelter by Rubb, which is light, strong, fast to erect and compact 
to transport, making it an ideal field fixed-width aircraft or helicopter shelter. 
According to Rubb Building Systems, the speed of deployment is eight hours to cover 
an area of 690 m2. This means 1.5 m2/min. Good speed deployment can be gained 
when the system is well modularized, but these systems often require time consuming 
ground preparation and skilled and well trained workforce. 
  
Figure 2.11: Rapid environmental shelter 
(Photo courtesy: Rubb building systems)  
2.1.3.3 Pantographic System 
Pantograph-based deployable systems rely on pantograph components to achieve 
deployability. Actually, pantographs or Scissor-Like Elements (SLEs) are common 
components in the design of deployable structures. The concept of snap-through-type 
deployable structures (Gantes and Konitopoulou, 2002) is also based on SLEs. The 
reason is that the SLEs once connected will behave like a kinematics chain. The 
deployment is therefore well facilitated and likely to be faster than other types of 
deployment. However, coordination of deployment is a major issue with pantographic 
systems. 
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A large number of structures that can be opened and closed are based on the well 
known concept of scissor hinge system. This type of structure has been used by 
designers to construct many demountable structures, some of which could be 
classified as retractable roofs although they require manual intervention for opening 
and closing. Escrig’s deployable roof structure (1996) is shown in Figure 2.12. A 
considerable problem for structures that make use of scissor hinges is how to connect 
to a permanent foundation. One major advantage of these structures is the relative 
simplicity of the joints, compared to other deployable structures. 
 
Figure 2.12: Deployment of Escrig’s deployable roof structure 
(Escrig 1996) 
 
The American engineer Hoberman (1991) made a considerable advance in the design 
of retractable roof structures based on scissor hinges when he discovered the simple 
angulated element. This element consists of two identical angulated bars connected 
together by a scissor hinge, and forms the basis of a new generation of retractable 
structures. Using these elements Hoberman [w7] created the retractable roof of the Iris 
Dome, shown in Figure 2.13 and Figure 2.14.  
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Figure 2.13: Hoberman's Iris Dome 
(Photo courtesy: Hoberman Associates, Inc.) 
 
 
Figure 2.14: Iris Dome in Hanover  
(Photo courtesy: Hoberman Associates, Inc.) 
 
The Iris dome, whose frame of interlocking spirals closes like the iris of an eye, is 
constructed from a number of angulated elements arranged on concentric circles. 
Joint detail 
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These form a circular shape in plan and the circles are connected to each other by 
joints connecting the end nodes of the angulated elements, creating a series of 
pin-jointed parallelograms. This allows the structure to retract towards its perimeter 
thus creating a central opening at the centre when retracted. As it deploys and retracts, 
transforming the space inside it between indoors and outdoors. 
 
Figure 2.15: Drash Deployable Shelter 
(Photo courtesy: MilSys UK) 
 
Additionally, the well-known fabricator of pantograph military shelter is MilSys [w8] 
and Drash [w9]. In their design, pantograph components are made of titanium which 
has great strength over weight ratio in comparison with aluminum. Deployable Rapid 
Assembly Shelters (DRASH), as shown in Figure 2.15, is a type of rapid deployable 
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soft walled shelters with integrated support systems.  However, the main issue of this 
type of shelter is low structural stiffness and thus it is not effective for medium to 
large span applications and protective applications.  
2.1.3.4 Deployable Tension-Strut System 
Deployable tension-strut structures (DTSS) are a type of space structures developed 
by Vu K.K. (2007) (Vu et al., 2006) (Liew et al., 2008), which make an improvement 
of pantographic system due to the introduction of cables. DTSS combines advantages 
of rapid deployment and structural efficiency and stability of cable strut structures. 
The illustration for the basic components of DTSS is shown in Figure 2.16. 
 
Figure 2.16: Components of deployable tension-strut structures 
(Vu, 2007) 
 
DTSS can be assembled quickly to save construction time while the structural 
efficiency is maintained to be as good as that of conventional double layer space 
frames. Pre-tensioning techniques are used to enhance the structural stiffness and 
stability of the structure after it is “locked” to its final configuration. Vu proposed 
various types of DTSS modules, which can be further assembled to form spatial 
structures. One type is shown in Figure 2.17, which is named as pyramid-on-pyramid 
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(POP) structure. 
 
Figure 2.17: Pyramid-on-pyramid (POP) structural type of DTSS 
(Vu, 2007) 
 
2.1.3.5 Deployable Panel System 
Deployable panel structure or folding sheet structures are enclosures composed of 
panel elements and hinges. You and Pellegrino (1996) proposed Planar Retractable 
Roof system, shown in Figure 2.18. It is able to retract radially towards the perimeter 
and can be generated for any plan shape. This makes them particularly interesting for 
the large sports stadium where retractable roofs must be capable of retracting towards 
the perimeter of the structure. 
Chapter 2 Literature Review 
- 25 - 
 
Figure 2.18: Design with circular opening 
 
Deployable stent (Kuribayashi and You, 2006), shown in the Figure 2.19, inspired 
from the pineapple folding pattern, allows simultaneous deployment both in the axial 
and radial directions. This structure is originally designed in Medical Engineering, the 




Figure 2.19: Deployable stent grafts in the folded and expanded states 
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Figure 2.20 shows another deployable panel structure, the design concepts may be 
developed from the origami. This pattern enables a square cylinder to be folded flat 
into a square shaped stack of plates, with a longitudinal deployment. Focatiis (2002) 
also studied some types of square shape panels' deployment from leave folding 
origami, shown in Figure 2.21. 
 
For this type of deployable panel systems, the origami investigation is of great 
significance. This is because most design inspirations of these structures are generated 
from the origami study.  
 
Figure 2.20: Deployable cylinder folding by paper illustration  
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Figure 2.21: Origami study on leaf folding 
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2.1.3.6 Pneumatic System 
Pneumatic shelters are now increasingly used due to the success in producing high 
strength membrane economically. There are roughly two types of pneumatic systems. 
One type is devoid of structural components and is built entirely on the pressure 
differences between internal and external pressure to maintain structural form. The 
other type has pneumatic tubes that serve as structural frames. These structures are 
deployed by blowing up the main air-beams with an air pump. The structural stiffness 
of these structures depends on the air pressure while the structural strength depends on 
the strength of air-beam membrane.  
 
Figure 2.22: Pneumatic shelter by manufacturer 
(Photo courtesy: Vertigo Inc) 
 
According to Vertigo [w10], a pneumatic shelter can be built in 10 minutes to cover 
an area of 60 m2. That is 6 m2/min, which is the highest speed in comparison with 
other types of rapid built shelter. Figure 2.22 shows pneumatic shelters manufactured 
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by Vertigo, which contain air beams to support the shelter. The membranes of these 
structures are vulnerable to any kind of bullets or fragments and therefore unsuitable 
for protective purposes. 
2.2 Protective Structures 
Protective Structures are designed to protect against military attacks from both 
improvised explosive devices and conventional military ordnance. Protection of 
structures, lives safety and assets against any form of weaponry attack requires 
detailed assessment on the characteristics of loadings and response of structures. 
Admittedly, a one-fit-all and omnipotent design for all situations leads to unnecessary 
provisions, which makes unacceptably high cost and impedes the functionality of the 
structures. As a result, possible threats and potential loadings should be investigated to 
optimize the design for particular protective structures with certain protection levels. 
Robustness of protective structures should be evaluated to make structures well to 
adapt different protection requirements. 
2.2.1 Threat Classifications 
Defining potential threats or hazards is essential to understand the resistance of 
protective structures. The aim of this thesis is to develop moderate protective systems 
that can be deployed rapidly to resist moderate amount of threat arising from a 
combination of blast and bullets or from a vehicle crash attack. Therefore, the threats 
mainly focused on these three types: blast overpressure, bullet shooting or 
fragmentation, and the vehicle crash. 
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2.2.1.1 Blast Loadings 
Explosion and blast loadings may be caused by nuclear weapons, conventional 
weapons, projectiles, grenades, bombs, rockets, missiles, and etc (Theodor, 2008). 
Explosion of them will result in the release of thermal, radioactive and other energies. 
Conventional weapons (CW) properties can be referred to TM 5-855-1 (Department 
of the Army, 1986).  
 
A compression wave from an explosion in air expands as a three dimensional blast 
wave propagating at maximum velocities well above that of low amplitude sound 
waves. It reflects and refracts from solid surfaces and from atmospheric 
discontinuities (Watson, 2002). The blast overpressure usually rapidly engulfs the 
entire surface of the structure. 
 
Blast loading is evaluated by peak overpressures and the associated impulses for a 
range and the mass of TNT equivalent to the actual explosive being considered for 
both spherical and hemispherical charges (Smith, 1995). The blast loadings can be 
expressed as pressure-impulse (P-I) diagrams, which is a helpful tool that allows easy 
assessment of response to a specified load (Theodor, 2008). 
 
Generally, the blast load duration is short relative to the response time of the structural 
system. According the differences between load duration dt  and maximum 
deformation time mt , the loadings can be classified into three categories: impulsive, 
quasi-static and dynamic, as shown in Figure 2.23. Baker et al. (1983) quantified the 
three loading regimes for an undamped, perfectly elastic system subject to an 
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exponentially decaying load, as shown in the Table 2.1. 
 
Table 2.1 Limits for the loading regime 
Loading Regime Limits 
Impulsive 4.0<dtω  
21037.6/ −×<Ttd  
Quasi-static 40>dtω  37.6/ >Ttd  
Dynamic 404.0 << dtω  37.6/1037.6
2 <<× − Ttd  
























Figure 2.23: Comparison of response time loading regimes 
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2.2.1.2 Bullets and Fragments 
The protective structural system must provide adequate resistance to prevent the 
perforation or to reduce the penetration depth against bullets and fragments impacts. 
The impact may cause damages due to the crushing or yielding of the material at the 
impact points. The penetration process is characterized by three typical phases 
(Theodor, 2008): 
• Impact 
• Travel through protective materials 
• Post-penetration conditions 
 
Bullet resistance can be classified according to different standards for ballistic 
resistant protective materials. These standards [w11] include Euronorm, United States 
(NIJ), United States (UL), Germany (DIN), Great Britain, NATO Stanag 4569.  
 
With regard to fragments, they may perforate a structure and cause significant damage. 
Shrapnel may be caused by fragmentation bomb (with explosive weight of about 10% 
~ 20% total weight), fragmentation grenades, or secondary fragments. Fragments are 
mainly made of hardened steel to achieve high penetration. Speed of fragments and 
their sizes and shapes are indefinite in a military conflict. A Fragment Simulating 
Projectile (FSP) “A5” is used to “simulate” the cutting, penetrating, and entanglement 
(Bhatnagar, 2006) in accordance with US military specification (MIL-P-4659A 
(ORD)). In a recent study, Borvik et al. (2006) proposed the use of level III 
(STANAG 4569) to evaluate the FSP ballistic resistance of protective structures.  
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2.2.1.3 Vehicle Crash 
Vehicle crash is regarded as a common threat against road safety. In view of Ministry 
of Home Affair recent anti-terrorism guide, focusing on providing adequate security 
for crowded places in the event of a vehicle terrorist attack, this thesis will aim to 
develop a system to provide protection from small to medium sized vehicle crashing 
into civilian and military facilities or human targets.  It is ideal for use in urban 
environments where space is limited thus requiring a rapidly deployable barrier 
system to provide the necessary protection. 
 
The resistance of a vehicle crash barrier may be certified with the following standards, 
such as DOS SD-STD-02.01 (1985), DOS SD-STD-02.01Revision A (2003), and 
ASTM F 2656-07 (2007). 
2.2.2 Protective Technologies 
The achievable protection levels largely depend on the design of the entire protective 
structural system. Well balanced protective technologies can equip the structures 
against attack and hazards. 
2.2.2.1 Protective Materials 
Protective materials are commonly divided into two categories: hard and soft 
materials. Hard materials are generally stiffer and more fragile while soft materials 
have better ductility with lower ability to protect against penetration. Lane et al. (2003) 
investigated novel combinations of materials used for blast and penetration resistance 
and their application in structural protection. 
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Hard armor protective materials are conventionally rigid and thicker, and may involve 
combining polymer composites in laminate or fabric with steel and ceramics. 
Common hard protective materials include reinforced concrete shell, high strength 
steel, aluminum oxide, titanium, and ceramics, E-fiber glass, and S-2 Glass fibers. 
The Protective Structures Ltd. [w12] developed protective materials such as bullet 
resistant acrylic, bullet resistant polycarbonate, bullet resistant laminated glass, bullet 
resistant glass clad polycarbonate, SecureAll bullet resistant fiberglass panels (some 
are shown in Figure 2.24). Large composite panels are used as combat shields, in 
vehicle armor, and in blast protection for infrastructure. 
 
Figure 2.24: Some hard protective materials 
(Photo courtesy: Protective Structure Ltd) 
 
Soft armor protective materials are typically flexible, strong and lightweight, with 
high modulus of elasticity to dissipate impact energy as large as possible in the 
structures. This type of materials is constructed from multiple layers of fabric without 
a meander or crosswise seam. The layers are sewn together with high tenacity aramid 
yarns. Popular soft materials include aramid (Kevlar), HMPE (high modulus 
polyethylene), and POB (or Zylon, by Toyobo, Japan) [w13]. Some of them are 
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Recent developments allow the combination of soft and hard type of protective 
material such as ScanShield [w14] slotting scheme (Figure 2.26). ScanShield is a 
ballistic protection development company with focus on cost-effective solutions for 
urban warfare, protection of camps and infrastructure. In such a system, ceramics 
plates are used to blunt the bullets or fragments while lightweight molded composites 
are used to catch the blunt penetrator and ceramics fragments in the composite 
backing. 
 
Figure 2.26: ScanShield protective material 




Figure 2.25: Soft protective materials 
Twaron Kevlar synthetic aramid fibre 
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2.2.2.2 Protective Barrier 
Another approach for protection is to employ protective barrier to protect the main 
structures or personnel or assets. Soil, water and metal can be applied as protective 
mass to erect the entire protective barrier system. 
 
As shown in Figure 2.27, these are some type of soil mass barrier systems to be 
served as a protective barrier.  
 
Figure 2.27: Soil mass protective barrier 
(Photo courtesy: HESCO bastion Ltd) 
 
Recently, water for blast resistance has been tested (Ng and Chong, 2006) as shown in 
Figure 2.28. It was concluded that with water-to-charge ratio of 2:1 in mass, the blast 
Figure 2.28: Water mitigation test by DSTA, Singapore. 
(Ng and Chong, 2006) 
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pressure can be reduced to 25% to 60%. It should be noted that strain rate effects on 
the elastic behavior of liquids can be neglected (Macaulay, 1987). 
 
Protective Structures Ltd. developed blast and bullet resistant specialty doors also as a 
form of protective barrier (shown in Figure 2.29). 
 
Figure 2.29: Blast door 
(Photo courtesy: Protective Structures Ltd) 
 
2.2.2.3 Anchoring systems 
Anchoring systems are critical for the stability of the protective system and its 
resistance to blast loadings. The base of protective structures is subject to high 
compressive force and tension force during blast loadings. The compression force is 
supported by base plate of the structure or the ground while tension force needs to be 
resisted by anchoring systems. Some possible tensional anchoring systems are 
developed by Grip-Tite [w15] and Foresight Products [w16]. Figure 2.30 shows the 
light duty and heavy duty anchoring systems. If tension force is of lower range, light 
duty anchoring system, e.g. rotatable anchor or helical anchor, might be adequate. For 
heavy duty protective structures, base of which may suffer large tension forces, 
common geotechnical anchoring system can be used.  
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2.2.3 Conventional Protective Structures  
Traditionally, protective structures are built with heavy mass and large thickness, 
providing strong robustness to possess high protection level against blast loadings, 
bullets and vehicle crash impact. There are fundamentally two strategies to achieve 
protection against blast and bullets. One strategy is to use mass and the other is to use 
high strength materials. 
Figure 2.30: Anchor system 
(Photo courtesy: Foresight Products LLC.) 
(b) Manta ray earth anchor system 
(a) Duckbill rotatable anchor system 
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2.2.3.1 Protective Bunker System 
The mass based strategy is the most common strategy and has been used for a very 
long time. Generally, these systems have long construction time and are mostly 
suitable for permanent facilities. Figure 2.31 shows an example of such systems. 
 
Figure 2.31: A protective bunker  
(Source: http://www.raf.mod.uk/rafspadeadam/gallery/historyinpictures.cfm?start=1&viewmedia=4) 
 
The time taken for constructing an earth based bunker is significant. Concrete bunkers 
even take longer and construction time frames are similar to those in the construction 
industry. Despite their slow construction, mass based bunkers afford very high 
protection levels and can withstand large amounts of blast loadings. They are also 
relatively cheap to construct. They are certainly the preferred solution for permanent 
protective facility. 
 
As mobility is also a significant consideration of any armed forces, protective systems 
should be designed with the same philosophy, hence the mass based systems are 
unsuitable for most militaries applications. Militaries around the world understand the 
tradeoffs between mobility and protection levels that can be afforded. 
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2.2.3.2 Hangar System 
Concrete shell hangar is good for protective purposes. The thickness of the shell can 
range from 0.2 m to a few meters, depending on protection level required. They are 
mainly arched or dome-shaped and are designed to obtain the best resistance against 
external pressure.  
 
The key issue with concrete shells is the long curing period of 28 days for the wet 
concrete mixture to dry and reach its design strength. During this curing period, the 
concrete material continuously shrinks. Therefore, the shell cannot be cast 
simultaneously but in sections and the construction time can last for several months to 
a year. Material components of concrete (cement, sand, aggregates) are also 
troublesome to transport, e.g. cements should not be in touch with water.  
 
Due to such immobility, concrete shells are used mainly for protective purposes rather 
than for a rapid deployment activity. The modern hangar includes sliding doors to 
allow quick release of aircraft as shown in Figure 2.32. 
 
Figure 2.32: Monolithic concrete shell hangar with sliding door 
(Source: http://static.monolithic.com/gallery/commercial/hangar_door/) 
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2.2.3.3 Soil Mass Protective Barriers 
Several types of soil mass barriers are available for the protection against blast and 
bullets. They include sandbags, Hesco Bastion [w17] and reinforced soil (RS) system 
(Chew et al., 2003). All these systems can be rapidly deployed and cleanly removed 
without much ground preparation. However, the filling material must be ready at the 
installation site. The protective efficiency depends on the type of barrier system and 
their volumes. The following subsections summarize the key features of these 
systems. 
2.2.3.3.1 Sandbags 
Sandbags have long been used in civil and military applications. Only simple tools are 
needed and no training is needed for the personnel. A bag can be easily carried by a 
person. A disadvantage of sandbag revetments is that the bags may deteriorate rapidly, 
particularly in damp climates. Thus, the filling material may run out, reducing the 
protective efficiency and endangering the stability of the revetment. The main 
limitation of sandbag system is that it is not practical to stack sandbags beyond two 
meters.  
2.2.3.3.2 HESCO Bastion 
The Hesco barrier or Hesco bastion is a modern gabion for military fortification. It is 
made of a collapsible wire mesh container and heavy duty fabric liner, and used as a 
temporary blast barrier. Originally designed for use on beaches and marshes for 
erosion and flood control, the Hesco bastion quickly became a popular security 
structure. In general, it needs much less labor to build a Hesco barrier than an 
equivalent structure made with sandbags.  
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HESCO Bastion system has been tested and used by US and UK Army. Figure 2.33 
shows their construction at the war front. HESCO is a prefabricated, multi-cellular 
system, made of steel welded mesh and lined with non-woven polypropylene 
Figure 2.33: Hesco bastion 
(Photo courtesy: HESCO bastion Ltd) 
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geotextile. It can be delivered in a very compact shape. Units can be extended and 
joined using the provided joining pins and filled with available material using 
minimal manpower and simple equipment. HESCO can be installed in various 
configurations to provide effective and economical structures to resist the specific 
threat. It is used extensively in the protection of personnel, vehicles, equipment and 
facilities in military, peacekeeping, and civilian operations. However, each unit is 
working as individual unit without effective horizontal links. In addition, the stability 
of the stacking system may be impaired subject to large blast loadings. When the steel 
welded mesh was damaged, sharp debris may be produced. Certain level of 
compaction of the fill material is needed to maintain the shape of the final product. 
2.2.3.3.3 Reinforced Soil (RS) Wall 
Reinforced Soil (RS) wall (Chew et al., 2003) is another type of soil mass which can 
be used as protective barriers against horizontal blast effects. A series of large scale 
field blast trials on RS walls were conducted in Woomera, Australia from 2002 to 
2007 under the joint research project between NUS and DSTA, Singapore. These 
trials were jointly organized and administrated by the Australia Defense Force’s 
Directorate of Ordnance Safety (DOS) and the UK Ministry of Defense's (UK MoD) 
Defense Ordnance Safety Group (DOSG). The RS wall provided strong blast 
protection level during the field blast trials.  
 
The construction of RS walls is shown in Figure 2.34. The advantage of the RS wall 
system is in the horizontal reinforcement which provides strong horizontal link for the 
whole barrier. Thus, they can provide better overall stability during blast, compared 
with other two systems. In addition, no sharp debris will be produced by RS walls 
even at failure as the facing element consists only of flexible geotextile materials. 
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However, the construction is time consuming. 
 
2.2.3.4 Lightweight Protective Barriers 
Thin-walled revetments have been developed for protection of attack, utility, and 
assets. These revetments have plywood or corrugated metal walls and with soil filling. 
Thin-walled revetments may be post-supported or freestanding. Thin-walled 
revetments (12 inches thick) require less fill material, space, equipment, and 
construction time than thick-walled revetments (four feet or more).  
 
A type of light weight protective structure is the Rapid Armor Shelter System® 
(RASS), which is an innovative modular ballistic protection system developed by 
Figure 2.34: Construction of RS wall 
(Chew et al., 2003) 
Formwork for RS 
  
Filling soil for RS 
   
Compaction of soil wall  Completed RS 
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FY-Composite company [w18], as shown in Figure 2.35. 
 
This military certified lightweight fortification wall system is ideal for fast moving 
troops. Fortification walls can be built and dismantled in a few minutes, allowing 
troops to be protected even during short stops or operations. Panels protect personnel 
or property mainly from fragments, with a protection level of v50 > 600 m/s (1.1 g FSP, 
STANAG 2920). The RASS® is simple and easy to use. Two basic shapes, squares 
Figure 2.35: Rapid Armor Shelter System 
(Photo courtesy: FY-Composite) 
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(side length 950 mm, weight 18 kg/each) and triangles (side length 950 mm, weight 
approx. 8 kg/each), are equipped with innovative quick coupling devices and 
supporting legs to enable the construction of a large number of various fortification 
combinations in a very short time. However, the protection level is inadequate for the 
high protection level.  
2.2.3.5 Conventional Security Mobile Barrier 
2.2.3.5.1 Conventional Concrete based barrier 
The conventional concrete based crash barrier is bulky and heavy, as shown in Figure 
2.36. This type of crash barrier is not convenient for strorage and transportation. 
 
Figure 2.36: Concrete-based barrier  
(Source: http://www.retailsims.com/Urban/UrbanCityscape.htm) 
 
2.2.3.5.2 Mobile Barriers using Electric Power 
The Security Mobile Barrier T1000 (Figure 2.37) by Precision Fabricators [w19] is in 
use with certified US DOS K4/L1 (6820 kg @ 50 kph). Another is the Mobile crash 
barriers (Figure 2.38) by ST Kinetics [w20], which is in use with certified US DOS 
K4/L1 (6820 kg @ 50 kph). The deployment time for this type of barrier is about 10 
minutes and weight is 3500 kg. However, power source is needed to deploy the whole 
structure. They are not customizable due to their fixed 3 m wide module. The stopping 
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distance is 15 m, which is inconvenient for use in urban environments where space is 
limited. One truck only can carry one set during transportation. 
 
Figure 2.37: Security Mobile Barrier 
(Photo courtesy: Precision Fabricators)  
 
Figure 2.38: Mobile crash barrier 
(Photo courtesy: ST Kinetics) 
2.2.3.5.3 Electric Secure Cable Trap 
The all electric, non-lethal SecureCABLETRAP [w21] (Figure 2.39) by SecureUSA is 
an innovative system that provides protection for where operational constraints 
preclude the use of permanent barriers. It can be expanded to cover a large area from 
60 to 120 m. However, it requires a depth of foundation and needs to be installed into 
the ground and its crash resistance level is low. 
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Figure 2.39: Electric Secure Cable Trap 
(Photo courtesy: SecureUSA) 
 
2.2.3.5.4 Expeditionary Mobile Barriers 
Smith and Wesson Security Solutions proposed the expeditionary mobile barrier 
system (Figure 2.40) [w22]. It is in use with ASTM F2656-07 Certified PU60 P3 
(2000 kg @ 90 kph). The deployment time is 8 minutes excluding anchoring 
preparation. Although it is customizable to different road conditions, the anchoring 
such as earth anchors, vehicles and most fixed objects are required. The stopping 
distance is 15 m, which is too large to be suitable for cases where is with a constraint 
of stopping distance. 
 
Figure 2.40: Expeditionary mobile barrier 
(Photo courtesy: Smith and Wesson Security Solutions) 
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2.3 Combination of Deployable Structures and Protective Structures 
In this research, appropriate balance according to specific requirement is made 
between deployable and protective features of Deployable Protective Structures. On 
the military frontier or attack places, the changing nature of conflict requires an 
increasingly mobile force with the capability for rapid deployment. This means that 
hours rather than days is an acceptable period for building or striking camp or 
deploying a system forward. On the other hand, deployable structures are equipped 
with protection level, which demonstrates an upgraded stage of innovative deployable 
structures. It is an excellent concept to combine these two advantages by one structure. 
The research will increase the options available in the field of deployable protective 
systems, their components and supporting services. 
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Chapter 3 Conceptual Development of Novel Deployable 
Protective Structures 
The trigger for this research concept is the intention to create Deployable Protective 
Structure (DPS) systems that can not only be easily transported and rapidly deployed 
but also equipped with moderate level of protection. Innovative engineering design 
concepts are in need to be initiated and developed. In this chapter, novel Deployable 
Protective Shelter (DPSh) systems and Deployable Vehicle Crash Barrier (DVCB) 
system are developed to meet various protective requirements. The DPS systems are 
designed in terms of two conflicting characteristics: deployable and protective 
capacities. The principle of protective structures and deployable structures are 
combined together to exert the advantages of both systems. Several innovative 
concepts and engineering designs for DPS systems are introduced. Novel design 
concepts involving small-size, medium-size and large-size DPSh systems and 
customizable DVCB system are investigated to provide good adaptability. 
3.1 Deployable Protective Shelters 
Deployable Protective Shelters (DPShs) are a type of structure which can not only 
experience large configuration transformation but also possess protection level. This 
type of shelters involves multidisciplinary technologies and knowledge such as 
Structural Engineering, Mechanical Engineering and architectural aesthetics. The 
engineering design concepts for this type of structures are primitively generated from 
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several basic geometric forms, such as square, rectangle and polygon. The evolution 
of geometric forms to mature engineering design concepts are illustrated and 
developed. First of all, a series of design concepts are motivated from basic geometry. 
Secondly, through the origami study, the deployment process is explored and 
investigated. Thirdly, based on draft design concepts, more detailed structural designs 
are developed. Finally, graphic modeling with proper joint models and prototyping are 
used to further validate the proposed design concepts. The proposed design concepts 
should be well conceived because the final structural system will offer the protective 
ability against blast loadings and bullets shooting. Therefore, both the deployable 
capacity and protective performance are to be carefully considered throughout the 
entire design concept development. 
 
A variety of DPSh systems are developed and evaluated to obtain a diversity of design 
solutions, various shapes and accommodation sizes are considered in terms of their 
ability to resist blast pressure. 
3.1.1 Portable Shelters 
3.1.1.1 Design Concept 
Portable DPSh systems are developed to resist blast loading and high velocity bullet 
and fragment penetration to protect 3 ~ 4 people. The proposed shelter concept is 
designed to be rapidly deployed and to possess moderate protection level. Several 
possible conceptual designs of this type of portable deployable shelters are 
introduced.  
 
The first design concept is the plated shelter, as shown in Figure 3.1, which is 
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designed to be of low cost and effective foldable protective shelter for 3 ~ 4 people. 
The plated shelter can be folded into a very compact shape. Two foldable side panels 
can be collapsed between the other two side panels. This panel system can be applied 
with high strength steel plate. The advantages of it are its simple deployment and 
fabrication, while the disadvantage is its heavy weight.  
 
The second engineering design concept is the framed shelter which is developed to 
optimize on the weight of the structure. The structure includes a system of high 
strength lightweight aluminum alloy frame, which is able to resist blast overpressure.  
 
There are two designs for the framed shelter. Figure 3.2 and Figure 3.3 show two 
possible designs, one uses leveraging pantograph mechanism and the other uses 
leveraging accordion mechanism. As shown in Figure 3.2, this framed portable shelter 
is light weight and of low stiffness and stability, but can be enhanced by adding some 
additional devices. The framed portable shelter form shown in Figure 3.3 has higher 
stiffness and stability than the former, but the fabrication of members is more 
complex. 
 
The framed shelter with pantograph mechanism (Figure 3.2) comprises of six 
members, two on the top and four for the legs. When the whole structural system is in 
Figure 3.1: Plated portable shelter 
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the folding configuration, three structural members are placed on the top and the other 
three structural members are placed at the bottom. During deployment, two legs 
originally placed on the top start to rotate upward and then downward to reach the 
designed position. After that, the other two legs initially placed at the bottom begin to 




Figure 3.2: Framed portable shelter with pantograph mechanism 
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The framed shelter with accordion mechanism (Figure 3.3) comprises two rigid 
trapezoidal frames and four foldable beams. When the structure is in the folded 
condition, the beams are collapsed onto each other. During the deployment, four 
beams are fully deployed to form a shelter. Snap joints can be applied to form rigid 
connections of the beams, details of which will be introduced in the next section. The 
comparison of the above three types of portable shelters is shown in Table 3.1. 
              
 
Figure 3.3: Framed portable shelter with accordion mechanism 
 
The framed portable shelters comprise deployable frame structural system and 
covering protective material. The main frame system can be folded in a highly 
compact shape for storage and during transportation and can be deployed quickly in 
Rigid frame 
Foldable beams Snap joint 
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the field to form a strong configuration to resist blast loading. The conception of 
framed shelter is improved with the use of protective material to form the integral 
shelter. The covering protective material can employ two different types of material, 
high strength and high hardness steel plate and high-strength fabric Twaron, as shown 
in Figure 3.4. 
 
The wrapping material comprising of soft composite Twaron is strong in resisting 
bullet and redistributes blast overpressure to the frame. The protective Twaron 
material offers proven bullet and fragment resistance. In addition, the weight of this 
system is only 50 % of the equivalent steel sheet.  
Table 3.1 Classification of retractable roof systems 






Heavy (250 kg 
panel weight) 










Low stiffness or 
stability 
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This Portable Deployable Protective Shelter is a type of small size application. The 
size is 1.2 m × 1.2 m at the top, 1.8 m × 1.8 m at the bottom, and 1.5 m in height, as 
shown in Figure 3.5. It is light weight, allowing two soldiers to carry it when it is in a 
compact state. At its deployed state, it can accommodate 3 ~ 4 people to provide 
temporary protection.  
 





Figure 3.5: Overall dimension of portable shelter 
Using Twaron Using high strength steel plate 
Figure 3.4: Protective covering material 
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implemented by prototyping due to its many advantages. The scaled prototype is 
fabricated to validate the engineering design concept. The material for the frame of 
prototype adopts wood pieces. Hinges are used to simulate the snap joints. The whole 
deployment process of this framed shelter is easily demonstrated, as shown in Figure 
3.6. It takes a short time to accomplish its own deployment and folding. This 
prototype does not include protective covering material for purpose of clarity during 
the deployment demonstration. 
 
3.1.1.2 Rotation Snap Locking Joint 
A rotation snap locking device is designed to form a high strength rigid joint, which 
comprises a metallic tube, a hinge, a spring, and a metallic button, as shown in Figure 
3.7. The button and spring can act together to open and close the joint. The easy and 
Figure 3.6: Prototype for portable shelter 
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fast operation of the snap joint facilitates the rapidly deployment of the proposed 
portable framed shelter. 
 
3.1.2 Medium Span Shelters 
Medium span shelters include container-based shelters and domed shape shelters, 
which aim to protect 12 ~ 20 persons. The original idea for container-based shelters is 
founded on convenient transportation of the standard commercial containers. It also 
offers standard shapes, enabling easy collapse and storage. Based on this design 
concept, the deployment process is investigated, creating different types of 
container-based shelter systems.  
Figure 3.7: Rotation snap joint 
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3.1.2.1 Connectable Collapsible Container-based Shelter (3C shelter) 
3.1.2.1.1 Design Concept 
Connectable Collapsible Container-based Shelter (3C Shelter) is developed by 
utilizing the shape and standard size of commercial container. Container-based 
systems are convenient for transportation. Making these containers foldable becomes 
the initial design inspiration. One type of folding pattern is proposed through the 
following basic concept, as shown in Figure 3.8. This engineering design concept 
introduces a foldable side wall system to make the whole structural system collapsible, 
which renders the structure highly deployable. On the other hand, utilizing the high 
strength material is a requisite to provide the protective element to this structure. 
 
 
Figure 3.8: Basic concept for 3C shelter 
The proposed shelter, served as a basic unit, can be well connected to each other to 
form a cluster of structures. This concept extends the design applications and also 
makes it flexible for multiple configurations. Possible configurations are shown in 
Figure 3.9. Therefore, on the military field, it can be rapidly deployed, and connected 
to form a large military post. 
2.4 m 6 m 
2.4 m 
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Three main features of this type of container-based shelters are outlined: (1) its basic 
design shape is based on standard commercial containers; (2) it can be collapsed to 
compact shape to facilitate storage and transportation; (3) it can be connected to each 
other to form larger space. 
 
Based on the basic engineering design concept, a delicate design of this 3C Shelter is 
explored, and the graphic modeling is illustrated in Figure 3.10. In addition, based on 
the design concept and graphic modeling, a scaled prototype is fabricated to validate 
the feasibility of this 3C shelter and demonstrate the whole deployment process in a 
Figure 3.9: Possible configurations made up of several basic units 
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clear sense. For purpose of clarity, the panels are excluded in this scaled prototype, 












Front and back gate panels 
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This 3C shelter has been designed to meet the requirement of rapid deployment. The 
shelter size is about 6 m (L) × 2.4 m (W) × 2.4 m (H), which can accommodate 12 ~ 
Snap hooks are 








Snap joints are 
attached to lock the 
whole structure. 
Figure 3.11: Prototype of 3C shelter (Scale: 1:6) 
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15 persons. The main frame employs box steel beams and columns, while outer 
protective material uses high strength steel which will provide protection against blast 
loadings and bullets. The total weight of the structure can reach 3 ton if 3 mm 
SECURE MS special steel is used and 5 ton if 6 mm XAR-450 high tensile steel is 
used. Through the graphic modeling (Figure 3.10) and scaled prototype (Figure 3.11), 
we can easily see the three main steps of the deployment for this type of shelter: 
sliding, rotating and lifting. 
 
The shelter mainly consists of eight parts which can be unfolded to form a shelter. 
During transportation, the whole structure can be collapsed into a very compact shape, 
shown in Figure 3.10 (a). The front and back gate panels are placed on the roof 
structure. And the side panels can be collapsed between the roof and floor frames. The 
whole deployment process is shown in Figure 3.10, using step-by-step deployment. 
The first step is sliding, as shown in Figure 3.10 (b). The gate panels move along the 
slideway built on the top of roof frames. The stoppers installed on the two sides of the 
gate panels slides to the end of slideway where snap hooks can be attached to hold the 
stoppers, thus reaching a critical position. The sliding step accomplishes, and 
followed by the rotating step of deployment, as shown in Figure 3.10 (c). The snap 
hooks help the rotation of the gate panels. When both panels reach vertical positions, 
snap joint plates can be attached to connect the gate panels and the main frames, and 
the snap hooks can be removed. This stage provides a good preparation for next step: 
lifting. Some lifting devices can be used to lift the whole structure, shown in Figure 
3.10 (f). Lifting devices may consist of a frame with the use of a pulley, a cable and a 
cable drum. The lifting devices are to be detached when the lifting is complete and the 
whole structure deploys to the proposed shape, shown in Figure 3.10 (h). 
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This 3C Shelter is a good example for rapidly deployable, light weight, potential 
highly-protective capability. This 3C Shelter is a medium span shelter system, which 
can be collapsed in a very compact shape during transportation, and be deployed 
step-by-step. This type of shelter can be used to protect personnel from near-hit 
military bombs. The numerical modeling approach for this 3C shelter subject to blast 
loading will be investigated in Chapter 5. 





Figure 3.12: Sliding snap locking device 
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Sliding snap locking device is another type of locking system to hold the whole 
deployed structure to remain its shape. Figure 3.12 shows the main mechanism for 
this sliding type snap locking joints and snap hooks. Two handles are designed to 
control the behavior of this sliding snap locking device, one is for holding, and the 
other is for controlling the small rod to move up and down through the function of the 
inner springs, which are allocated inside the lock tube. In this case, pulling the small 
handle can make the small rod move down. On the contrary, releasing the small 
handle can make the small rod move up to lock the whole systems. Therefore, the 
whole locking device can insert through the steel members, connecting parts together 
tightly. 
3.1.2.1.3 Horizontal Locking Component 
Connecting container-based shelter require horizontal link to hold the two adjacent 
containers together, provides the overall stability. Figure 3.12 demonstrates a 
horizontal locking component design which comprises rotating handle, high strength 
chain, and a threaded shank. Flexible chain component allows acceptable distance 
tolerance, thus adjusting the two containers together. 
 
Figure 3.13: Horizontal locking component 
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3.1.2.1.4 Lifting System 
Lifting is a common deployment process or step. Figure 3.14 illustrates a design of 
integrated lifting system for 3C Shelter, which can also be used in other types of 
shelters. The integrated lifting system comprises a lifting frame, a cable drum, a 
triangular bracing, a pulley and a cable, which can be operated by manual control, and 
can also be driven by machines. The lifting frame is well attached to the shelter 
structure and also easily detached. 
 
3.1.2.2 Foldable Container-based Shelter 
3.1.2.2.1 Design Concept 
Container-based systems are collapsible and come in a standard size, and are thus 
convenient for stacking and transportation. Another type of container-based shelter 
system - an improved form of container-based shelter is introduced to minimize effect 
of blast overpressure by introducing inclined side walls to the design. This type of 
Figure 3.14: Integrated lifting devices 
Lifting frame 
Cable drum 
Pulley Triangular bracing 
Cable 
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shelter system is termed Foldable Container-based Shelter (FC Shelter), which can not 
only be rapidly deployed and expanded, but also equipped with protection level. The 
initial design concept of this FC shelter is shown in Figure 3.15, which is generated 
from basic origami. The folding pattern is further developed by detailed engineering 
design to actualize the design concept, the graphic modeling of which is shown in 
Figure 3.16.  
 
This FC Shelter comprises the main frame system and high strength panels, which is 
similar to the 3C Shelter. The shelter size is 6 m (L) × 2.4 m (W) × 2.4 m (H), which 
may accommodate 12 ~ 15 persons. The main frame employs box steel beams and 
columns, while the outer protective material uses high strength steel plate.  
 
This type of shelter can be folded in a compact shape for convenient storage and 
transportation. The deployment ratio is evaluated by comparing between a deployed 
state shelter and a folded state. It is noted that this proposed form allows a deployment 
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ratio of 1:5 as can be seen in Figure 3.16.  
 
Figure 3.16: Graphic modeling of FC shelter 
Gate panels 
Large rotation hinges 
2.4 m 
6 m 
2.7 m 2.4 m 
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(Note: prototype does not include armor covering material for purpose 
of clarity during deployment demonstration) 
Figure 3.17: Prototype of FC shelter (Scale: 1:6) 
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Figure 3.17 shows a prototype which is made to demonstrate the whole deployment 
process. The prototyping is a realization of the design concept. It also shows the 
feasibility of this FC Shelter. On the other hand, making prototypes also helps us to 
improve the engineering structural design. During storage, the two gate panels are 
placed on the top of the entire folded structure system. During the deployment, a 
series of hinges and automation mechanical system can be applied to achieve rapid 
deployment. The two gates open up to let the main frame system undergo large 
configuration transformation, reaching its deployed state shape. Some hinges go 
through very large rotation angle to realize the whole deployment. After deployment 
of the main frame, the two gate panels are fixed with the main frame structure to form 
this FC Shelter. The blast door may be built in the gate panel to allow people to move 
in and out. As shown in Figure 3.17, in the military application field, wheels may be 
added as an option, which can improve the mobility of the shelter system.  
 
This FC Shelter is designed in medium span to resist blast loadings while providing 
protection to 12 to 15 people. The outer panels of the container are made of protective 
materials e.g. armor steel plates. The distinctive features of this medium span foldable 
shelter are high deployment ratio, high level of automation, and mobility. 
3.1.2.2.2 Lifting System 
The deployment of the FC Shelter does not rely on manpower but totally on 
embedded machinery. This mechanical design is shown in Figure 3.18. An actuator 
system is utilized to fold and unfold the proposed FC shelter automatically, where 
some mechanical bars and levers are driven by electric power. 
Chapter 3 Conceptual Development of Novel Deployable Protective Structures 
- 72 - 
 
3.1.2.2.3 Stability Consideration 
The stability of deployable protective shelters under blast overpressure and bullets 
should be considered, which requires stabilizing the whole structure to stand firmly on 
Figure 3.18: Driving mechanism for Foldable Container-based Shelter 
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the ground. 
 
One solution is to use an anchoring system. The design for anchoring system is based 
on the reaction force at the base of the DPSh structures. It can be classified into 
different types depending on whether it is for moderate or heavy usage. 
 
Some simplified measures or alternatives should also be considered and proposed to 
facilitate the application of DPSh due to uncertainty of its field site and unavailable of 
machine or tools, etc. As an example, the FC Shelter is designed to resist blast 
loadings during military field, thus maintaining good stability is important. In practice, 
if specific anchoring devices are unavailable at the site, anchoring of the shelter can 
be done by utilizing some counterweight which is commonly available on the site. 
Figure 3.19 clearly shows this structural design concept. The increased weight and the 
friction between the structure and ground surface is provided to stabilize the whole 
structure under blast loadings. In this design concept, expandable beams will facilitate 
the installation of the counterweight to the base part of the shelter. After the 
deployment of the whole structure, the beams can be protruded out from their original 
retracted position. These beams can hold the counterweight together with the shelter. 
The appropriate counterweight can provide required weight and friction to stabilize 
the proposed FC shelter, reducing the influence of dynamic blast pressure. Therefore, 
this design concept is a good alternative when the anchoring system is unavailable. In 
addition, ballasting with extendable beams is also excellent design choice to avoid the 
time consuming task of anchoring piles. 
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Figure 3.19: Structural design for ballasting purpose 
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3.1.2.3 Domed Shape Shelters 
Domed shape shelter is a design option to provide other flexible configurations for 
Deployable Protective Shelters. 
3.1.2.3.1 Origami Plate Foldable Dome Shelter 
The origami plate foldable domed shelter is made up of hollow aluminum tubes and 
plates. It allows high strength steel plates to be attached when deployed. 
 
Figure 3.20 demonstrates this engineering design concept for this Origami Plate 
Foldable Dome Shelter. It utilizes some basic geometry to investigate origami and 
then to develop the deployment design concept for this type of shelter. A great number 
of hinges are used in this structure to realize its deployment and retraction.  
 
 
Figure 3.20: Deployment of origami plate dome shelter 
2.4 m 
3 m 
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3.1.2.3.2 Rib Dome Shelter 
Rib dome shelter consists of a system of ribs, central columns and protective panels. 
Ribs can be folded around the central column and deployed as if it is an umbrella. 
There are two deployment patterns shown in Figure 3.21 and Figure 3.22. High 
strength protective panels are attached to the ribs after deployment. The structure is 
supposed to be stronger but slow to deploy as the protective panels are to be attached 
after deploying the ribs. 
 
Figure 3.21: Inside-out deployment of domed shape shelter 
2.4 m 
2.4 m 
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Another type of design concept of the Rib Dome Shelter is to apply an attached 
membrane to the main rib frames. The deployment process is shown in Figure 3.23. 
Ribs serve as the skeleton to support the whole deployable structural system. The 
attached membrane can be fabricated from protective composite fabric, such as Kevlar, 
Twaron, etc. Therefore, the whole structural system combines deployable frames and 
protective covering materials. 
Figure 3.22: Inwards deployment of domed shape shelter 
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Modular plated dome is developed to make use of high strength metal plate and its 
weldability, as shown in Figure 3.24. The whole system may be made of steel plate or 
aluminum plate.  
 
Figure 3.24: Modular plated dome 
Figure 3.23: Deployment with membrane 
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3.1.3 Large Span Shelters 
Large span DPSh is designed to protect large aircrafts and helicopters in military 
applications. 
3.1.3.1 Rapidly Deployable Pneumatic Shelter 
A rapidly deployable pneumatic shelter (Figure 3.25) is proposed based on air-beam 
technology for medium and long span application. The hanging of a utility vehicle 
with a weight of 2 ton on a large air-beam is investigated by US Army (1997). Due to 
the high air pressure inside the air-beam, the proposed rapidly deployable pneumatic 
shelter can be used for a large span to accommodate a helicopter. The advantages of 
the proposed shelter include very high deployment speed, lightness and compactness. 
 
Figure 3.25: Rapidly Deployable Pneumatic Shelter 
3.1.3.2 Rapidly Deployable Aircraft Shelter 
A rapidly deployable large span aircraft shelter (Figure 3.26 and Figure 3.27) is 
proposed to use the combination of protective side walls and deployable roof systems. 
The protective side walls use connectible container-based deployable protective 
shelters with both vertical and horizontal ties to form a side protective system against 
20m 
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ballistic attack. Standard commercial containers filled with some counterweight can 
also be used for the same purpose but with lower compactness during transportation. 
The deployable tension-strut structure developed by Vu (2007), can be used as 
deployable roof system as shown in Figure 3.27. 
 
Figure 3.26: Design concept for the Rapidly Deployable Aircraft Shelter 
 
 
Figure 3.27: Rapidly Deployable Aircraft Shelter 
40 m 
Rapidly deployable roof system 
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3.2 Deployable Vehicle Crash Barrier Systems 
Conventional vehicle crash barrier systems are either heavy and bulky or inefficient to 
resist crash impact. It is a great need to conceive innovative vehicle crash barrier 
system which can meet multiple requirements, such as functionality, ease of storage 
and transportation, rapid installation, and aesthetic requirement. The proposed 
innovative Deployable Vehicle Crash Barrier (DVCB) system should be able to arrest 
a vehicle with certain weight travelling at a specified velocity within a satisfied 
stopping distance. The outcomes induced by the vehicle crash on the barrier are 
preferably not harmful to the surroundings. The objective is to design and research on 
functional impact barrier system according to customized requirements. This research 
is aiming at ASTM F 2656-07 Certified PU40 P1 (2007), which is to stop a 2000 kg 
car traveling at 60 km per hour within one meter. The proposed structure will have 
several advantages: 
 Lightweight 
 Does not need power source 
 Highly portable and ease of storage 
 Fire stopper 
 Customizable to different road conditions 
3.2.1 Design Concept Development 
A novel DVCB system is proposed to provide protection against vehicle crash. The 
proposed DVCB system, takes mass and weight, friction, energy absorption, rapid 
deployment, and other factors into account, which is developed from the original 
concept of a three-fold origami structure with a combination of water tanks. The basic 
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design idea is shown in Figure 3.28. The operation of the DVCB consists of sliding 
and rotating. 
 
Figure 3.28: Design concept from a three-fold origami 
 
The DVCB system developed will have the flowing two distinct features:  
 Dissipation of energy by vehicle impact; 
 Deployability and foldability to facilitate transportation. 
 
The overall energy dissipation principle is shown in Figure 3.29. It is shown in the 
Figure 3.30 that the design concept of the vehicle crash on the barrier system. 
 
Figure 3.29: Mechanism of the proposed DVCB system 
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Figure 3.30: Design concept of Deployable Vehicle Crash Barrier 
 
3.2.2 Modularized Design 
3.2.2.1 Conceptual design of an Deployable Vehicle Crash Barrier Unit 
Based on the three-fold origami, a DVCB unit is proposed (Figure 3.31), which 
comprises of a deployable panel structure, a sliding plate and a foldable water tank. 
The size of the proposed NAB unit is designed with a length of 0.6 m, a height of 1m 
and a width of 0.5 m. The complete exploded view of a DVCB unit is shown in 
Figure 3.32.  
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The deployable panel structure is an L-shape steel plate connected with a base plate, 
which allows transformation for the structural outstanding configuration. On top of 
the L-shape plate, openings are fabricated to allow water to be pumped in and ejected 
out. The L-plate is welded with rigid spikes and attached with a functional material. 
The spikes will increase the interaction between the barrier system and the road 
surface. The attached functional material covers the spikes well before the structure 
hit on the road. The sliding plate during the car impact will provide a pressure on the 
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foldable water tank to enable the water to form a sudden jet from the top and the side 
openings. The foldable water tank, which is to be filled with water after the 
installation of whole unit, is served as the internal core of a DVCB module. The water 
will help to transfer the vehicle's impact energy to water's kinetic and potential 
energy. 
 
Figure 3.32: Exploded view of a Deployable Vehicle Crash Barrier unit 
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The following steps describe the vehicle crash impact sequence of the proposed 
DVCB system starting from activation upon impact, as illustrated in Figure 3.33: 
 
 Step 1: Contact established. Impact is activated between the vehicle and barrier. 
 
 Step 2: Sliding plate displaced and water tank deformed. The sliding plate moves 
inwards and makes the foldable water tank deform. The impact energy is partially 
dissipated by the water which has a sudden jet from the top and side openings, which 
converts part of impact energy to the kinetic energy of the water.  
 
 Step 3: Rotation initiated. With the deformation of the foldable water tank, the 
rotation of the L-plate will be initiated. 
 
 Step 4: Sliding plate is fully dislodged from the barrier. Vehicle's kinetic energy 
is taken as an advantage to initiate a punching energy for spikes. Rigid spikes on the 
contact area between barrier system and road surface causes the crushing deformation 
of the road. The front-wheel of the vehicle steps onto the barrier, and energy will be 
dissipated by the increased friction from the weight of both barrier and vehicle. 
 
 Step 5: Impact energy totally dissipated. The barrier is fully deployed and the 
vehicle is stopped within a safe distance. 
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3.2.2.2 Development of Deployable Vehicle Crash Barrier system  
A 3 m one-lane road needs 6 DVCB units. Modularization helps in the flexibility in 
the barrier width. The barrier is able to accommodate the actual road width. Using a 6 
m 2-lane road as an example, the installation procedure for proposed DVCB system is 
shown in Figure 3.34. 
 
(a) Unfold base plate 
 
(b) Array the deployed L-plates 
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(c) Array completed 
 
(d) Put in the foldable water tanks 
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(e) Rotate the L-plates 
 
(f) L-plate is positioned and secured with sliding plates 
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(g) Fill in water and then DVCB system is ready to resist vehicle crash impact 
Figure 3.34: Installation of the DVCB system 
Figure 3.35 illustrates that DVCB units can be collapsed into a compact shape to 
allow easy storage and transportation. It can be found that a 20 feet standard 
commercial container can hold 60 DVCB units. 
 
Figure 3.35: Stacks of Deployable Vehicle Crash Barrier modules 
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It is demonstrated in Figure 3.36 that DVCB are highly customizable. Not only the 
dimensions of a module are customizable in accordance with the required stopping 
distance, but also the treatment on the module is customizable. Social and functional 
requirements are met via aesthetic treatment to the product, providing the alternative 
of deployment as urban furniture, introducing a holistic solution to the design agenda 
and infinite possibilities. 
 
 
Figure 3.36: Customized design for Deployable Vehicle Crash Barrier modules 
 
Figure 3.37 demonstrates the vehicle crash impact using 1:10 scaled prototype. The 
overall impact sequence is validated through this prototype. Freak snow is used to 
simulate the water. The visual effect provides a remarkable understanding of the 
energy dissipation by the water. 
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Figure 3.37: Crash impact of scaled prototype 
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3.3 Summary 
The concept of Deployable Protective Structure (DPS) is an innovative engineering 
attempt. It is a timely suitable product for combining deployability and protection 
level into one structure. Two systems of DPS, Deployable Protective Shelter (DPSh) 
and Deployable Vehicle Crash Barrier (DVCB) are developed. 
 
Large span, medium span and portable size DPShs developed in this chapter possess 
distinctive features: convenient storage and transportation, high deployment ratio, 
mobility, moderate accommodations and ability to be reconfigured for different 
applications. Their modules can be combined to form a variety of configurations to fit 
to different applications, in particularly to be able to adapt quickly to meet the high 
mobility required in military activity. The design concepts were developed by the 
morphology exploration and origami study. Their graphical modeling and scaled 
prototypes were created and fabricated to validate engineering design concepts and to 
realize the deployment process. Detailed designs such as joint design, lifting system, 
locking system, mechanism system, and stability considerations have validated their 
feasibility and reliability. Some of the detailed designs can also be applied in other 
types of structures. 
 
Unlike existing barriers, the DVCB system developed in this chapter escapes the 
weight of science and technology through creative engineering concept. It was 
developed from the original concept of a three-fold origami structure with a 
combination of water dissipation system. Both the graphical modeling and scaled 
prototypes are provided to validate the feasibility and effectiveness of this proposed 
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DVCB system. The crashworthiness of DVCB is realized via the incorporation of 
several systems. Instead of simply providing resistance to the oncoming vehicle, the 
power and energy are leveraged as if the weight and kinetic energy of the car is 
converted from impact to a stopping force. The process includes absorbing the impact 
via the water tanks, transferring the energy towards the road via the rotating arm, and 
finally stopping the car upon contact with the road. The customizable barrier system 
developed have the distinct features: the energy dissipation approaches by distribution 
of water mass and enhanced friction with spike penetration and the system is foldable 
to facilitate transportation. 
 
The proposed DPSs are highly flexible and mobile. It is quite essential to be equipped 
with the protection level to fit to the unknown and variable military situations. 
Therefore, the investigations on the protective materials and energy dissipation 
mechanisms are vital in this research. Accordingly, the following chapters will 
investigate on the experimental, numerical and analytical analysis. Chapter 4 focuses 
on the investigation on the mechanical property of high tensile steel plates. Chapter 5 
and Chapter 6 investigate the ballistic resistance of the high strength steel plate, 
including the blast resistance and projectile impact resistance. In addition, Section 6.2 
researches the car crash impact resistance of the sandwich composite panels in the 
DVCB system. 
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Chapter 4 Investigation of High Strength Steel as Covering 
Protective Material 
This chapter investigates the strain rate effect on high strength steel with tensile 
strength up to 1200 MPa. This high strength steel provides significant improvements 
in performance and reduction in weight, which are of increasing importance for use in 
the construction and defense industries. Static uniaxial tensile tests are firstly carried 
out to obtain the basic mechanical properties such as elastic modulus, tensile strength 
and strain hardening behaviour. Tensile Split Hopkinson Bar tests are then performed 
to obtain the ultimate tensile strength at strain rates between 103 s-1 and 104 s-1. Test 
results show noticeable increase of tensile strength of up to 40% with the increase of 
strain rate from zero to 104 s-1. Finally, suitable constitutive models and parameters are 
proposed based on least-squares fitting with test data so that they can be used for 
numerical analysis of protective structures subject to blast and impact. 
4.1 High Strength Steel in the Design of Deployable Protective 
Structures 
Deployable Protective Structure (DPS), which is opportunely proposed to size up 
current arms race situation and requirements, will be applied in many conventional 
defense and military applications. Instead of using conventional heavy and bulky 
protective materials, these structures may be protected using high strength armor steel 
plate to resist blast loadings, bullets and explosion fragments which possess high 
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speed and carry large amount energy to release their destructive influence. Well 
balanced protective technologies should focus on reducing the risk of hazardous 
attacks and mitigate their effects by providing suitable level of protection. Therefore, 
high strength steel is selected as an essential component to equip the protection ability 
in DPS. Figure 4.1 illustrates this state-of-art combination of deployable structural 
frames and protective materials. 
 
High strength steel is commonly used to provide protection in defense related 
structures. Mechanical properties of materials at high strain rates differ considerably 
from that observed at quasi-static or intermediate strain rates. Many engineering 
applications require characterization of mechanical properties under dynamic 
conditions. For example, strain rates ranging from 102 s-1 to 104 s-1 occur in many 
processes or activities, such as metal forming, earthquakes, blast loading, and 
structural impacts. 
 
When steel is subjected to high velocity tensile tests, abrupt changes in the 
Figure 4.1: Combination of Deployable Protective Shelters with high strength steel 
(High strength armor steel) 
Protective material 
Deployable structures 
Deployable Protective Shelters 
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deformation leads to a noticeable different microstructures, which give rise to a 
noticeable change in mechanical strength (Meyers 1994). The strain rate effect on the 
strength of ductile materials (predominantly metals) has been studied (ASM 
International, 2000) (Lindholm and Yeakley, 1968) (Nicholas, 1980) since they are 
used in many conventional defense and nuclear-related applications whereby high 
strain rate loadings of around 100 to 104 s-1 are common. Lee and Kim (2003) 
investigated the dynamic deformation behaviors of the aluminum alloys (Al2024-T4, 
A16061-T6 and A17075-T6) under both high strain rate compressive and tensile 
loading using Hopkinson technique. However, no material models were derived. 
Stainless steel and aluminum alloy material properties with the strain rate of 100 to 
103 s-1 were investigated and Cowper-Symonds parameters are obtained by Cunat 
(2000). Marais et al. (2004) studied the Johnson-Cook and Cowper-Symonds high 
strain rate materials models for mild steel and copper. Al-Hassani and Reid (1991) and 
the Steel Construction Institute (2001) studies have demonstrated that differences 
exist on the strain rate effects between normal and high strength steel. Huh et al. 
(2002) tested the dynamic response of sheet metals at high strain rates using tensile 
split Hopkinson bar test and proposed their modified quadratic Johnson-Cook model. 
Boyce and Dilmore (2009) examined the strain rate sensitivity of four high-strength, 
high-toughness steels AerMet 100, modified 4340, modified HP9-4-20, and ES-1c at 
strain rate ranging from 0.0002 s-1 to 200 s-1.  
 
Most of the works mentioned above are for mild steel and stainless steel subjected to 
high strain rates and only the dynamic resistance of high strength steel was 
investigated. It is hard to find references on material models to simulate high strength 
steel at high strain rates. The critical factor of the high strength steel for engineering 
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applications is to control the weight and to provide a high resistance to stress 
requirement. They are suitable for high blast and impact resistance applications. A 
suitable constitutive model including high strain rate effects are quite important for 
finite element analysis. This chapter presents the experimental investigation on 
material properties of high strength steel XAR-450 at high strain rates. XAR-450 is a 
special structural steel that has high wear resistance. This special wear resistant 
structural steel is delivered with a mean hardness of 450 HB, offer higher hardness 
and good toughness to create stronger and lighter structures capable of withstanding 
impact load [w24]. Hopkinson bar test is found to be a suitable approach of 
investigating the strength increase due to strain rates ranging from 103 s-1 to 104 s-1 
(Sia, 2000). The elastic modulus and strain-hardening effect of the high strength steel 
are investigated through static stress strain relationship by tensile quasi-static uniaxial 
test. Dynamic stress strain relationship curves of the high strength steel at high strain 
rates are obtained using Tensile Split Hopkinson Bar (TSHB) testing apparatus. The 
Johnson-Cook and Cowper-Symonds material models are investigated to simulate the 
rate-dependant stress-strain relationship for plastic region. The material model 
parameters can be derived from the test data, which are critical for understanding the 
ballistic performance of high strength steel plate as well as benchmarking of 
numerical modeling. 
4.2 Strain Hardening Effect 
4.2.1 Quasi-Static Tensile Test 
Quasi-static uniaxial tensile test is carried out to investigate the material mechanical 
properties such as elastic modulus and yield strength. The diagram obtained from the 
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test illustrates the stress–strain behavior of the high strength steel in terms of the 
engineering stress and engineering strain where the stress and strain are calculated 
based on the original dimensions of the sample and not the instantaneous values. For 
small displacements from the equilibrium position, the force between the atoms is 
proportional to the displacement. The linear-elastic behavior is described 
mathematically by Hooke's law. Eσ ε= . Young's modulus quantifies the stiffness of 
a material: the larger E , the smaller elastic deformation under the same load. The 
plastic deformation of metals is based on so-called slop processes within the grains 
that shift crystal planes relative to each other.  
 
The mechanical properties of 6 mm XAR-450 ware resistance steel refer to the 
manufacturer data is shown in Table 4.1.  
Table 4.1 Mechanical properties of XAR-450 steel from manufacturer 
Yield strength (N/mm2) 1200 
Tensile strength (N/mm2) 1350 
Elongation at fracture (%) 10 
Hardness (HB) 417 
Density (kg/m3) 7857.65 
 
Tension testing data of this high strength steel in terms of engineering stress-strain 
relationship done by in-house experiment is shown in Figure 4.2. It is noted that the 
high strength steel is different from the mild steel. Tensile strength is usually used as 
characteristic strength value for high strength steel rather than yield strength. The 
yield strength can be obtained by 0.2% offset yield strength (Davis 2004), shown in 
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Figure 4.3. Table 4.2 lists the elastic modulus, yield strength and tensile strength from 
the static tensile test. 
  
Figure 4.2: Engineering stress-strain relationship from static tensile test 
  
Figure 4.3: The low-strain region of the stress-strain curve 
Table 4.2: Mechanical property of XAR-450 steel from static tensile test 
Young's Modulus (N/mm2) 2.16×105 
Yield strength (N/mm2) 1068 



















































0.2% offset yield strength 
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=                             (4-2) 
in which, P is load; oA is original cross section area; L∆ is elongation; oL is 
original length. 
 
However, engineering stress-strain curve does not provide a true indication of the 
deformation characteristics of the high strength steel. The average stress based on the 
original area likewise decreases, and this produces the fall-off in the engineering 
stress-strain curve beyond the point of maximum tensile load. Actually, the metal 
continues to strain harden to fracture, so that the stress required to produce further 
deformation should also increase. True stress σ  and true strain ε  can be expressed 
according to the engineering stress s  and engineering strain e  by following 
formulas (Davis 2004). 
( 1)s eσ = +                          (4-3) 
ln( 1)eε = +                          (4-4) 
The above equations are only applicable to the onset of necking because the true 
stress and strain should be determined from actual measurements of cross section area 
which is difficult to record and measure in the usual tensile test. True stress and true 
strain curve represents the basic plastic flow characteristics of the material, with a 
comparison with engineering stress strain curve, which are shown in Figure 4.4.  
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Figure 4.4: Engineering and true stress-strain relationships 
4.2.2 Strain Hardening Parameters 
In numerical analysis, the elastic deformation may be described by Hooke's law
Eσ ε= , while the plastic deformation can be expressed by a simple power law 
relation: 
n
pA Bσ ε= +                           (4-5) 
where A  is the yield strength, and B  is the strength coefficient, and n  is the 
strain-hardening exponent.  
 
According to the quasi-static experimental data, plastic stress strain curve can be 
obtained and fitted by the equation npA Bσ ε= + , as shown in Figure 4.5. Thus the 
strain hardening parameters A , B and n  can be mathematically solved as A
21068 N/mmA = , 2912.5 N/mmB =  and 0.33n = . With a combination of both 
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52.16 10σ ε= ×  and 0.331068 912.5 pσ ε= + , respectively. The total strain ε  for strain 
hardening part can be calculated through elastic strain 
E
σ  and plastic strain pε , 
which is pE
σε ε= + . The engineering stress strain curve obtained from experimental 
data and the strain hardening model simulated true stress-strain curve are plotted in 
Figure 4.6. It is observed that the stress strain curve for high strength steel is different 
from the mild steel. Tensile strength is usually used as characteristic strength value for 
high strength steel rather than the yield strength. 
 
 






















True plastic strain 
Experiment 
σ=1068+912.5ɛ^0.33 0.331068 912.5 pε= +
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Figure 4.6: Stress strain relationships for quasi-static state 
4.3 Strain Rate Hardening Effects 
4.3.1 Tensile Split Hopkinson Bar (TSHB) Test 
4.3.1.1 Experiment Apparatus of TSHB Test 
Tensile Split Hopkinson Bar (TSHB) test was carried out to investigate the strain-rate 
effects of high strength armor steel at high strain rates within the range of 103 s-1 to 
104 s-1. The experiment set-up is shown in Figure 4.7. Cylindrical specimen with 
threaded ends made of the high strength steel XAR-450 is connected between an 
incident bar and a transmitted bar. Both the incident bar and transmitted bar are made 
of titanium material. Precise axial alignment allows these two bars and striker bar to 
freely move in the longitudinal direction. Gas chamber with compressed air launcher 
accelerates the striker bar to initiate a tension pulse at the left end of the incident bar. 





















Fit true stress true strain 
Engineering stress strain curve 
0.331068 912.5 pσ ε= +
52.16 10σ ε= ×
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through the test specimen placed in between. The wave pulse was recorded in the 
oscilloscope to derive the dynamic stress strain relationship of the test specimen. 
      
 
4.3.1.2 Dynamic stress strain relationship 
The schematic diagram of stress pulse wave propagation is illustrated in Figure 4.8. 
Figure 4.9 demonstrates the stress wave propagation in the Hopkinson bars. In these 
figures, iε  is the incident strain, tε  is the transmitted strain and rε  is the reflected 
strain. Two pairs of strain gauges are mounted on the incident bar and transmitted bar 





Gas chamber Oscilloscope 
Incident bar 
Transmitted bar 
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respectively to measure strains due to the stress wave propagation in the bars. The 
tension pulse travels along the incident bar in axis x  direction. When the tension 
wave pulse reaches interface 1 between incident bar and specimen, both reflection and 
refraction take place. Reflected pulse becomes compression wave pulse which travels 
back to the incident bar, while the refraction part is the transmitted tension pulse 
which travels into the transmitted bar through the interface 2. 
 
 




Figure 4.9: Stress wave propagation in Tensile Split Hopkinson Bar test 
Striker bar Incident bar Transmitted bar Specimen 






























1u  2u  
Figure 4.8: Schematic diagram of stress pulse wave 
Striker bar 
Incident bar Locknut 
Incident bar Transmitted bar 
Specimen 
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propagation of stress waves must be considered. From the one-dimensional theory of 











=0  is the elastic wave velocity. 
bE  is Hopkinson bar elastic modulus. 
bρ  is Hopkinson bar density.  
( )tε  is strain. 
 
In the Hopkinson bar test, the interfaces between incident bar, transmitted bar and 
specimen are 1 and 2. The incident wave and reflected wave are in opposite 










1 )()()()( εεεε           (4-7) 
 






2 )(ε                           (4-8) 





21 )()()( εεε               (4-9) 
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s εεεε −−=                   (4-11) 
in which, ol = Specimen gauge length 
 
The applied loads 1P  and 2P  on two interfaces are 
( ))()(1 ttEAP rib εε +=                       (4-12) 
)(2 tEAP tbε=                           (4-13) 










b εσ =                          (4-15) 
where, bA = Hopkinson bar section area; sA = Specimen section area  













=                (4-16) 
 
Assuming that stress equilibrium exists in the specimen, in this case, the strains must 
satisfy the approximation 
)()()( ttt rti εεε −=                        (4-17) 
 
Therefore, the equation (4-16), (4-10) and (4-11) can be written into the equation 
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s εεε −−=                    (4-20) 
Equations (4-18) ~ (4-20) are used to calculate the stress, strain and strain rate in the 
specimen. The material properties of incident bar and transmitted bar which are made 
of titanium material are shown in Table 4.3. 
Table 4.3 Specifications of the bars 
Bar area bA  (m
2) 2.01E-04 
Bar modulus bE  (Pa) 1.14E+11 






=0  (m/s) 5029 
 
4.3.1.3 Test results of dynamic stress-strain curves at the high strain rate 
The mechanical properties of high strength steel XAR-450 are investigated. Testing 
strain rates are designed to be within a range from 103 s-1 to 104 s-1 by controlling the 
compressed air pressure using a gas gun. The ruptured specimen after high speed 
TSHB test is shown in Figure 4.10. Strain measures in voltage can be obtained from 
the oscilloscope. Shifted signal outputs are recorded in Figure 4.11, for further 
processing of the stress and strain of the test specimens. 
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Figure 4.10: High strength steel specimen before test and after test 
 
 
Figure 4.11: Shifted signal outputs from strain gauges 
 
The load oscillates due to dynamic effect and thus the stress-strain curve obtained is 
not smooth. The Fast Fourier Transform (FFT) smoothing method (Brigham 1994) is 
performed to filter the oscillating stress by removing the Fourier components with 
higher frequency. Due to longitudinal oscillation of stress waves traveling in the 
specimen at the early shock stage, the initial strain pulse records are inaccurate and 
they are removed and shifted to get the corrected stress curves. The comparisons 
between raw data and filtered at different strain rates are shown in Figure 4.12 and 

























Before test After test 
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static elastic modulus first before data filtering. It is shown in the figures that the 
higher strain rate in Figure 4.13 generates higher frequency of oscillation in the 
stress-strain curve than that of the lower strain rate shown in Figure 4.12. 
 
Figure 4.12: Comparison of raw data and filtered data at strain rate of 2081 s-1 
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4.3.2 High Strain Rate Effect 
The dynamic tensile strength data at different strain rates were obtained as shown in 
Figure 4.14. 
































Figure 4.14: Engineering stress strain relationships at high strain rates 
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Figure 4.16 Tensile strength with the variation of log strain rate 
 
Figure 4.15 and Figure 4.16 shows the tensile strengths with the variation of the strain 
rates and log strain rates. It is noted that the tensile strength increases with the 
increase in the strain rate, especially at the strain rate higher than 103 s-1. 
4.3.3 Material Models 
In this section, two material models are used to simulate the plastic material properties 
considering the strain-rate hardening effect. 
4.3.3.1 Cowper-Symonds equation 
Cowper-Symonds model (Cowper and Symonds, 1957) may be used to describe the 







  = +    
 


























Log strain rate (s-1) 
Experimental data 
Trend line 
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where 
0σ  is the static flow stress inferred from experimental data, or from the equation 
0
n
pA Bσ ε= + . 
D  and p  are constants for a particular material. 
 
The key parameters 49.23 10D = ×  and 2.4p = are obtained from least squares 
fitting of Equation (4-21) with the test data. As shown in Figure 4.17 and Figure 4.18, 
the Cowper-Symonds model matches quite well with the experimental data. Based on 
Cowper-Symonds (C-S) material model, the true plastic stress-strain relationships at 
different strain rates may be obtained as shown in Figure 4.19. 
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Figure 4.18: Tensile strength - strain rate (in log plot) curve fitted by 
Cowper-Symonds model 
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4.3.3.2 Johnson-Cook equation 
Johnson-Cook constitutive model (Johnson and Cook 1983) is a strain-rate and 
temperature-dependent visco-plastic material model, which reproduces several 
important material responses observed in impact and penetration of metals. The three 
key material responses are strain hardening, strain-rate effects, and thermal softening. 
It is expressed as 
( )*(1 ln ) 1 Mnp HA B C Tσ ε ε   = + + −                     (4-22) 
 
The simplified Johnson-Cook model represents the flow stress according to the 
isothermal condition, reduced to the equation to only include the strain rate dependent 
term shown below. 









, is the dimensionless plastic strain rate for 0 1.0ε = . The parameter 
A and B need to be rectified according to 1=1.0 sε − from those values obtained in the 
quasi-static test with strain rate 1=0.001 sε − . The modified parameters for A and B 
are shown in Table 4.4. The parameter 0.025C = for Johnson-Cook model is 
determined from least-squares fitting of the test data. The tensile strength - strain rate 
curve with Johnson-Cook model fit is shown in Figure 4.20. The linear stress to log 
strain rate relationship of the Johnson-Cook model does not compare well with the 
experimental data, as shown in Figure 4.20 and Figure 4.21. 
 
Based on Johnson-Cook material model, the true plastic stress-strain relationships at 
different strain rates may be obtained as shown in Figure 4.22. Comparison of Figure 
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4.19 and Figure 4.22 shows that Johnson-Cook model shows much narrower band of 
dynamic stress-strain curves within the strain rate from 103 s-1 to 104 s-1, while the 
Cowper-Symonds model shows comparatively divergent stress-strain curves in the 
same strain rate range. 
 
Table 4.4 Strain hardening parameters adjusted for Johnson-Cook material model 
Constant 1=0.001 sε −  1=1.0 sε −  
A (N/mm2) 1068 1137.5 
B (N/mm2) 912.5 971.9 































Log strain rate (s-1) 
 0.331137.5 971.9 (1 0.025ln )σ ε ε = + +  
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Figure 4.21: Tensile strength - strain rate curve fitted by Johnson-Cook model 
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4.4 Comparisons and Discussions 
4.4.1 Comparison of Material Models and Tests 
These two material models are compared with the experimental data, as shown in 
Figure 4.23. The Cowper-Symonds equation is obtained as 
1
2.4
0 41 9.23 10
εσ σ
 
  = +   × 
 

                       (4-24) 
and the Johnson-Cook equation is obtained as 
0.331137.5 971.9 (1 0.025ln )σ ε ε = + +                  (4-25) 
 
 
Figure 4.23: Comparison of test data and material model simulations for the tensile 
strength at high strain rates within 103s-1 to 104s-1  
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square root of the average squared difference between the test data and regression 
function value.  
 2test fitY YRMS
n

                        (4-26) 
 
It is noted that the RMS of Cowper-Symonds model is smaller than that of the 
Johnson-Cook model. The Cowper-Symonds model provides a better fit to every test 
data point, while the Johnson-Cook material model attempts to fit all test data in a 
narrow band. Comparison between Figure 4.19 and Figure 4.22 shows that 
Cowper-Symonds model exhibits a broader band of stress-strain curves within the 
strain rate from 103 s-1 to 104 s-1, while the Johnson-Cook model shows a narrower 
band of stress-strain curves in the same strain rate range. Table 4.5 shows a summary 
of the true tensile strength of the test results and the two material models. The two 
material models fitted results are quite close to the test results. The maximum error for 
Cowper-Symonds model is approximately 7%, while the maximum error for 
Johnson-Cook model is about 9.6%. Although both the errors are quite small, 
comparatively, Cowper-Symonds model shows smaller error and more accurate 
results than that of Johnson-Cook model. Therefore, Cowper-Symonds model may be 
recommended as a suitable material model for numerical modeling of high strength 
steel subject to high strain rate. The increase in the true tensile strength is also 
tabulated in the table. The Cowper-Symonds model shows about 40% increase in the 
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True Tensile strength (N/mm2) 
Test 















0.001 1324 - - - - - - 
1000 - 1523 - 15.1% 1651 - 24.7% 
1958 1527 1587 4.0% 19.9% 1673 9.6% 26.4% 
2081 1586 1594 0.5% 20.4% 1675 5.6% 26.5% 
2127 1662 1597 3.9% 20.6% 1676 0.9% 26.6% 
3268 1693 1650 2.5% 24.6% 1691 0.1% 27.7% 
3676 1557 1667 7.1% 25.9% 1695 8.9% 28.0% 
4012 1744 1679 3.7% 26.9% 1697 2.7% 28.2% 
6953 1732 1772 2.3% 33.8% 1716 0.9% 29.6% 
7283 1798 1781 1.0% 34.5% 1718 4.5% 29.7% 
7714 1874 1792 4.4% 35.3% 1720 8.2% 29.9% 
8983 1768 1823 3.1% 37.7% 1725 2.4% 30.3% 
10000 - 1846 - 39.4% 1728 - 30.6% 
 
4.4.2 Comparison of High Strength Steel and Mild Steel 
Table 4.6 and Table 4.7 show the parameters to be used in Cowper-Symonds and 
Johnson-Cook models to predict the strain rate effects on high strength steel XAR-450 
and mild steel A36. For A36 steel, its yield strength is 250 MPa, and tensile strength is 
525 MPa (Len, 2007). Figure 4.24 shows the yield strengths with the variation of 
strain rates for both A36 steel and high strength steel XAR-450. Table 4.8 shows the 
increase from static yield strength at different strain rates of both XAR-450 high 
strength steel and A36 mild steel. For both Cowper-Symonds and Johnson-Cook 
models, strain rate effects for the A36 mild steel is much greater than that of 
XAR-450 high strength steel. Especially in the Cowper-Symonds model, the increase 
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of the yield strength from strain rate 0.001 s-1 (quasi-static state) to strain rate 104 s-1 
for A36 mild steel is 65%, while that of the XAR-450 high strength steel is 40%. 
 












D  p  
A36 steel (Len, 2007) 33350 2.8 
XAR-450 92300 2.4 
 
Table 4.7. Johnson-Cook constants for mild steel and high strength steel 
Material  
(1 ln )nA B Cσ ε ε = + +    
A  B  n  C  
A36 steel (Len, 2007) 286 500 0.23 0.017 
XAR-450 1138 972 0.33 0.025 
 
 























Strain rate (s-1) 
Cowper-Symonds for XAR-450 
Johnson-Cook for XAR-450 
Cowper-Symonds for A36 
Johnson-Cook for A36 
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Table 4.8 Increase of yield strength with variation of strain rates for high strength steel 




A36 steel (Len, 2007) XAR-450 

































1 256 2.4% 286 14.4% 1077 0.9% 1138 6.6% 
10 264 5.5% 297 18.9% 1092 2.2% 1204 12.7% 
100 281 12.6% 308 23.4% 1130 5.8% 1269 18.8% 
1000 321 28.6% 320 27.8% 1230 15.2% 1335 25.0% 
2000 342 36.6% 323 29.2% 1284 20.3% 1354 26.8% 
3000 356 42.3% 325 30.0% 1324 24.0% 1366 27.9% 
4000 367 46.9% 326 30.5% 1357 27.0% 1374 28.6% 
5000 377 50.8% 327 31.0% 1385 29.7% 1380 29.2% 
6000 385 54.2% 328 31.3% 1410 32.0% 1386 29.7% 
7000 393 57.3% 329 31.6% 1433 34.1% 1390 30.1% 
8000 400 60.1% 330 31.9% 1454 36.1% 1394 30.5% 
9000 407 62.6% 330 32.1% 1473 37.9% 1397 30.8% 
10000 413 65.0% 331 32.3% 1491 39.6% 1400 31.1% 
4.5 Summary 
The application of high strength steel is essential to improve the ballistic and impact 
performance of Deployable Protective Structure (DPS). Both elastic and plastic 
material mechanical properties of high strength steel XAR-450 are experimentally 
investigated, which includes strain hardening simulation and strain rate hardening 
simulations. The results of the experiments can be used to establish two material 
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models, Cowper-Symonds and Johnson-Cook, which will serve as part of numerical 
modeling in Chapter 5 and Chapter 6 of this thesis. 
 
The mechanical properties of high strength steel XAR-450 at high strain rates 
between 103 s-1 to 104 s-1 are experimentally investigated by Tensile Split Hopkinson 
Bar tests. The stress, strain, and strain rate in the test specimens were obtained by the 
elastic wave propagation theory based on the incident wave, transmitted wave, and 
reflected wave. The dynamic stress strain relationships at different strain rates were 
obtained by Fast Fourier Transform smoothing method.  
 
Both the Johnson-Cook and Cowper-Symonds models are used to simulate the 
rate-dependant stress-strain relationship of high tensile steel in the plastic region. The 
design parameters used respectively in these two models were obtained by curve 
fitting with the test data. Comparison with test results shows that Cowper-Symonds 
material model provides a better fit of the dynamic stress strain relationships than 
Johnson-Cook model, and thus it is recommended for adoption in finite element 
analysis. 
 
High strength steel XAR-450 exhibits less strain rate effect compared with grade A36 
steel, i.e., strain rate effect is more significant for lower strength steel than high 
strength steel. However, strain rate effect should not be ignored in simulating 
structural response under rapid dynamic loadings because the present study shows 
that tensile strength of high strength steel increases 25% when the strain rate is 
increased from 103 s-1 to 104 s-1, and even more significant of up to 40% from static to 
104 s-1 strain rate. Therefore, it is important to consider the strength enhancement of 
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the high strength steel in order to achieve a less conservative and cost effective design 
for the structures subject to impact and blast loads. 
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Chapter 5 Deployable Protective Structure Behaviour under 
Blast 
One threat in the military activities is blast and explosions, which are aggressive to 
damage or ruin the structures and personnel. In this chapter, the blast resistance of 
Deployable Protective Structures is investigated. 
5.1 Blast Loadings 
Common types of bombs, MK 82, MK 83, and MK 84 are used for protection 
investigation purposes. Equivalent TNT weights of these bombs are shown in Table 
5.1. 
Table 5.1 Mark 80 bomb series 
Name MK 82 MK 83 MK 84 
nominal weight (lb) 







Charge Weight (kg) 87 188.7 428.6 
Equivalent TNT (kg) 110.2 238.7 542.2 
 
The software CONWEP is utilized to generate the blast overpressure time history. 
Three blast overpressure curves with different stand-off distances for these three MK 
bombs are obtained, as shown in Figure 5.1. 
Chapter 5 Deployable Protective Structure Behaviour under Blast 














































































Stand-off distance (m) 
(a) MK82 
(b) MK 83 
(c) MK 84 
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According to the reflected pressure and reflected impulse obtained by the CONWEP, 
the blast overpressure time history curve can be idealized in a triangular shape, as 
shown in Figure 5.2. Based on this assumption, the duration of the blast impulse at a 
specified distance can be obtained.  
 
Figure 5.2: Blast overpressure time histories at a stand-off distance of 10 m 
5.2 Blast Resistance of a Sample Plate 
A 1 m × 1 m sample plate was used to investigate the structural response of the high 
strength steel XAR-450 subject to blast loadings for a benchmark purpose. The results 
of the test are used to validate the numerical simulations. The section view of the 
sample plate is shown in Figure 5.3. The top and bottom of the plate were supported 
by steel flat bars for both sides, while the left and right side of the plate were 
supported from the back using a steel column with a square hollow section 50 mm × 
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Figure 5.3: Blast test plate details 
 
5.2.1 Preliminary Numerical Simulation 
Finite element model is created to investigate the blast resistance of the armor steel 
plate XAR-450 (Figure 5.4). The general nonlinear software ABAQUS was used and 









150 mm × 50 mm 
steel bar 
150 mm × 50 mm 
steel bar 
1000 mm 
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box tube 
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strain rate effects for high strength steel was considered in the analysis. 100 kg TNT is 
used as a representative weight to benchmark the ballistic investigation. The design 
dimensions and boundary condition of the sample plate are shown in Figure 5.3. The 
element type of box steel tube and steel plate use the S4R shell element, while the 
solid steel bar uses the C3D8R solid element. Both of the elements are with a 
large-strain formulation. The material of 6 mm target steel plate uses XAR-450 high 
strength steel, while the material of both box steel tube and solid steel bar use mild 
steel. Both material and geometric nonlinearity are considered in the analysis. The 
global mesh size uses 0.025 m based on mesh convergence study and the 
length/thickness ratio limit of shell element.  
 
Note: mesh size=0.025 m; Number of Elements=2320 
 
 
Figure 5.4: Finite element modeling 
 
The parametric study is carried out by placing the plate at different distances from the 
exploder. Center point of the plate is selected as a reference to reflect the maximum 
structural displacement. In Figure 5.5, the displacement-time histories show that the 
plastic displacement increases when explosive is placed nearer to the plate. Numerical 
Center point "K" 
1 m 
1 m 
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simulation shows that the structure remains in the elastic range when the distance 
between the plate and explosive is far enough (30 m to 70 m). The plate starts to 
experience plastic deformation when the distance is about 15 m. The residue plastic 
displacement and peak displacement of center point on the plate subject to different 
blast loadings are shown in Figure 5.6. Both peak displacement and plastic 
displacement increased drastically with the shorter stand-off distance. It can be found 
that the 15 m is a critical blast stand-off distance for this plate to experience from 
elastic deformation range to plastic deformation stage. With a blast stand-off distance 
of 15 m, the plate started to experience a minor plastic displacement of less than 1 cm. 
The distance 15 m therefore be used in the blast field test to provide practical 
comparison. 
























Figure 5.5: Center point displacement kδ time histories with 100 kg TNT explosion at 
different blast stand-off distances 
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Figure 5.6: Peak displacement and plastic displacement at different stand-off distances 
 
5.2.2 Blast Field Test 
Field blast test was carried out to investigate blast resistance of 6 mm thickness high 
strength steel XAR-450 at a stand-off distance of 15 m, which serves as a validation 
of the numerical simulation. The details of the test steel plate are shown in Figure 5.3. 
The lay-out and the detonation sequence of the blast file test are shown in Figure 5.7. 
It was found out that 6 mm high strength steel well resist 100 kg TNT explosion at 15 
m, as shown in Figure 5.8. No penetration and dents were observed and deformation 
is limited to 8 mm for plate size of 1 m × 1 m. Therefore, the high strength armor steel 
plate XAR-450, which possesses high yield strength and tensile strength, occurs very 
low plastic deformation under determined blast overpressure. The plastic deformation 
in the numerical simulation is limited to less than 1 cm which is in the range with 
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(c) Occurrence of full blast 
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Figure 5.8: 6 mm high strength steel XAR-450 after blast 
5.3 Blast Simulation of Deployable Protective Shelters 
Blast numerical modeling is simulated to investigate the structural performance of 
Deployable Protective Shelter system under blast loadings. In the research, the general 
finite element analysis software ABAQUS was used. Explicit scheme was used to 
ensure convergence of the problem as the blast pressure appears in very short time 
duration (range of millisecond). The finite element method is as the same as the one 
described in section 5.2.1. The simulation results offer constructive knowledge in 
understanding the structural resistance of DPS against blast overpressure. 
5.3.1 Connectable Collapsible Container-based Shelter 
This Connectable Collapsible Container-based Shelter (3C shelter) is an innovative 
engineering design, which takes advantages of both deployable structure and 
protective structure, as developed in Chapter 3. It needs to balance the requirements of 
both deployment and protective capability. When the structure deploys to proposed 
shape and is going to exert its protective function, it is imperative to conduct 
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structural analysis, enabling the structure to possess high strength to resist blast 
loadings.  
5.3.1.1 Finite Element Modeling 
Half of the structure is modeled in ABAQUS instead of modeling the whole structure 
due to the symmetry of the structure, loading, and boundary conditions, as shown in 
Figure 5.9. The calculation time is therefore reduced. In the analysis, the half model 
comprises of frames and outer high strength steel panels. The size of the structure 
complies with the graphic modeling introduced in the Chapter 3. 
 
The structural members for frames utilize box steel. The sectional dimension of beams 
and columns is 100 mm × 100 mm × 6 mm. Beams and columns of each panel are 
welded together. The outer protective panels are welded with the frames. The roof 
frame structure, floor frame structure and four side frame structures are connected 
with the hinges, which are simulated by coupling the nodes' three translational 
degrees of freedom. Figure 5.9 shows the locations of the hinges. Side frames are 
connected using outer hinge. The roof frame and side frame, the floor frame and side 
frame are connected using inter hinges. The gate frame is connected with other frames 
using the snap joints, which are simulated as a 6 mm thick 20 mm × 20 mm mild steel 
plates. The snap joints are tied with the frames. The frames use mild steel and the 
protective plate uses high strength steel. Two types of high strength steel are used: one 
is 6 mm XAR-450 high tensile steel plate and the other is 3 mm SECURE MS special 
steel plate. Their stress-strain relationships are shown in Figure 5.10. The stress-strain 
curves for two high strength steel plates are derived from experimental measurements. 
A 10 mm × 10 mm rigid element is modeled as pinned boundary conditions for the 
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anchoring at every corner of the structure. Mesh size 0.05 m is used based on the 
mesh convergence study (Appendix A). 
 
During the process of finite element calculation and analysis, both material and 
geometric nonlinearity effects are included. Plasticity is governed by von Mises yield 
criterion combined with an isotropic hardening rule. The element type of both hollow 
box steel and covering steel plate uses S4R shell element with a large-strain 
formulation. The dynamic explicit scheme is used in the analysis, which is 
particularly suitable for blast, impact and crash simulations because it uses central 
differences method. The method requires very small time step to ensure a stable 
Note: mesh size=0.05 m; Number of Elements=23904 





joint Hollow box steel 
Steel plate 
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solution. 
 
Figure 5.10: Stress-strain relationships for XAR-450 and mild steel 
  
Figure 5.11: Blast loading 
Figure 5.11 illustrates the pinned boundary and loading conditions, and one blast 
loading time history of bomb MK82 at 10 m distance. A uniform distribution of the 
blast wave on the panel is obtained from IJS Army manual TM 5-1300. The blast 
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cases are investigated for parametric study. 







Figure 5.12: Deformed shape for 3C Shelter equipped with 6 mm XAR-450 steel plate 
under different blasting loading 
 
Center point "K" 
Center point "K" 
Center point "K" 
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A parametric study is conducted on the strain rate effect and the influence of different 
charge weight on the blast resistance of the 3C shelter equipped with high strength 
steel XAR-450. The center point "K" is selected to represent the maximum 
deformation of the structure. The deformed contours of the 3C shelter under three 
blast loadings at 10 m are shown in Figure 5.12. Larger charge weight resulted in 
much more severe destruction to the structure. Figure 5.13 shows an example of large 
plastic deformation and residual stress distribution of the 3C shelter under blast 
loading MK84 at 10 m distance.  
 
Figure 5.13: Plastic deformation for 3C Shelter equipped with 6 mm XAR-450 steel 
plate under blast loading MK84 @ 10m 
 
It is shown in Figure 5.14 that the strain rate effect is negligible for this range of blast 
Center point "K" 
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loadings due to the low strain rates which are less than 100 s-1. The maximum strain 
rates resulted from different bomb loadings are shown in Table 5.2. The higher charge 
weight resulted in higher plastic deformation. It also contributes to the decrease of 
elastic deformation after the peak deformation. This is to say the higher charge weight 
leads to more global plastic deformation of the structure. 
 
Figure 5.14: Displacement k  histories under different charge weight for 3C shelter 
equipped with 6 mm XAR-450 steel plate 
Table 5.2 Maximum strain rate of 6 mm XAR-450 steel plate 
Loading MK82@10m MK83@10m MK84@10m 



























MK84@10m w/o strain rate effect
MK84@10m w/i strain rate effect
MK83@10m w/o strain rate effect
MK83@10m w/i strain rate effect
MK82@10m w/o strain rate effect
MK82@10m w/i strain rate effect
Center point "K" 
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The structural deformation histories with the variation of blast stand-off distance for 
bomb MK 82 are shown in Figure 5.15. It can be seen that shorter blast stand-off 
distance resulted in the higher plastic deformation. Figure 5.16 makes a better 
comparison for the residue plastic displacement and peak displacement of the point K 
subject to different blast loadings. As shown in the figures, the center point K of the 
structure started to have plastic displacement when the stand-off distance reaches 
30m.   
 
Another high strength steel 3 mm SECURE MS special steel plate could also be a 
potential protective material for the 3C shelter. Based on the investigation on the blast 
resistance of 6 mm XAR-450 steel, the strain rate effect is negligible. Thus, the strain 
rate effect is not included in the numerical simulation for the blast resistance of 3 mm 
SECURE MS special steel plate. The bomb MK82 is also used as the benchmark to 
show a clear comparison. Figure 5.17 and Figure 5.18 show the displacement histories 
at point K, and residue plastic displacement and peak displacement of the 3 mm 
SECURE MS steel plate subject to different blast loadings respectively.  
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Figure 5.15: Displacement kδ  histories with different blast stand-off distance of 
MK82 for 3C shelter equipped with 6 mm XAR-450 steel plate 
 
Figure 5.16: Peak displacement and residue plastic displacement with the variation of 
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Figure 5.17: Displacement kδ  histories with different blast stand-off distance of 
MK82 for 3C shelter equipped with 3mm SECURE MS special steel plate 
 
Figure 5.18: Peak displacement and residue plastic displacement with the variation of 
bomb MK82 blast stand-off distance for 3C shelter equipped with 3 mm SECURE 
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A clearer comparison of the displacements at center point K between these two high 
strength steel are shown in Figure 5.19. Compared with 6 mm XAR-450 steel, 
residual plastic displacement of 3 mm SECURE MS steel starts to occur when the 
MK82 blast stand-off distance is 40 m, which is larger than that of 6 mm XAR-450 
steel. It is observed that the 6 mm XAR-450 high tensile steel possesses higher blast 
resistance than 3 mm SECURE MS special steel. Both the two types of high strength 
steel provide the required blast resistance. The ultimate tensile strength of 3 mm 
SECURE MS steel is slightly larger than that of 6 mm XAR-450 steel, however, due 
to the thickness, the 6 mm XAR-450 caused less residual plastic displacement than 3 
mm SECURE MS steel. 
 
In addition, it can be seen in the Figure 5.19 that the displacement within the elastic 
region (when the blast stand-off distance is far enough) of these two types of steel 
plate are quite close to each other. Both the peak displacement and residual plastic 
displacement start diverging between these two types of steel plate when the structural 
deformation is within the plastic range. The residual plastic displacements are 0.15 m 
for 6 mm XAR-450 steel and 0.25 m for 3 mm SECURE MS steel respectively when 
the structure subject to the blast loading MK82 at 10 m stand-off distance. However, 
the weight of 3 mm SECURE MS steel is much lighter than that of 6 mm XAR-450 
steel. Thus, the higher blast resistance takes an expense of heavier weight. The lighter 
3 mm SECURE MS special steel is used as an alternative high strength protective 
material if the blast protection level is allowed to be lowered moderately. 
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Figure 5.19: Comparison of peak displacement and residual plastic displacement with 
the variation of bomb MK82 blast stand-off distance for 3C shelter equipped with 6 
mm XAR-450 steel plate and 3mm SECURE MS special steel plate 
5.3.2 Foldable Container-based Shelter 
Compared to the 3C shelter, Foldable Container-based Shelter (FC shelter) is of 
irregular shape and has inclined surfaces. According to the alternative engineering 
design introduced in Chapter 3, if specific anchoring devices are unavailable at the 
site, anchoring of the shelter can be done by utilizing some counterweight which is 
commonly available on the construction site. The appropriate counterweight can 
provide the required weight and friction to stabilize this FC shelter, thus reducing the 
influence of dynamic blast pressure. Therefore, this section investigates the blast 
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Peak displacement (3 mm SecureMS steel) 
Peak displacement (6 mm XAR-450 steel) 
Residual plastic displacement (3 mm SecureMS steel) 
Residual plastic displacement (6 mm XAR-450 steel) 
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5.3.2.1 Finite Element Modeling 
Figure 5.20 shows the ballasting design of the FC shelter. The design details were 
introduced in Chapter 3. Half of the structure is modeled in ABAQUS instead of 
modeling the whole structure due to the symmetry of the structure, loading, and 
boundary conditions. The finite element model is shown in Figure 5.21. The structural 
members for frame utilize box steel, has dimensions of 100 mm × 100 mm × 6 mm. 
All of the beams and columns of each panel are welded together, both made from mild 
steel. The protective panels of the structure adopt the 6 mm high strength XAR-450 
steel plate. Each frame-panel structure is connected through hinges. Snap joints are 
connected to lock the deployed structure, which are simulated as rigid connections. In 
addition, the stress strain relationships of both frames and plates, and FEM modeling 
technique are the same with those of 3C Shelter. The frames and plates also use the 
S4R shell element. The counterweight, on the other hand, uses the C3D8R solid 
element. It uses wood as the material. The density is 1000 kg/m3 and the Young's 
modulus is 70 GPa. 
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Boundary and loading conditions are illustrated in Figure 5.22. Symmetric boundary 
conditions are applied. Based on the study (Ma et al., 2009), the structure would 
experience larger deformation and stress when the blast loading side is on the larger 
inclined surface. Therefore, in this section, we focus the investigation on the blast 
resistance from only one direction. A uniform distribution of the blast wave on the 
panel is obtained from the CONWEP, as introduced in the beginning of this chapter. 
The blast loadings were added to the larger inclined surface of the FC shelter. The 
blast loading uses bomb MK82 with different blast stand-off distances from 10 m to 
50 m. The contact interaction between base surface of the FC shelter and ground is 
defined as hard contact and with a friction coefficient of 0.6.  
Note: mesh size=0.05 m; Element Number=23305 
Plate: high strength steel Frame (hollow box steel): mild steel 
Figure 5.21: Finite Element Model of half Foldable Container-based 
 
Snap joint 
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Figure 5.22: Boundary and loading conditions for Foldable Container-based Shelter 
5.3.2.2 Numerical Results 
Base point and center point are selected as the characteristic points to investigate the 
overall structural deformation under blast loading, as shown in Figure 5.23.  
 
Figure 5.23: Characteristic points of the FC shelter 
 
Figure 5.24 to Figure 5.28 show that the displacement-time histories of the base point 
and center point of the FC shelter under blast MK82 at distances of 50 m, 40 m, 30 m, 
20 m, and 10 m, respectively. In those figures, X is the direction which is 
perpendicular to the blast loading direction; Y is the direction of blast loading 
Base point "B" 
Center point "K" 
Blast overpressure 
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direction; and Z is the vertical direction, as shown in Figure 5.23. ayδ  denotes the 
absolute displacement of the center point in Y direction; azδ  denotes the absolute 
displacement of the center point in Z direction. Due to the global sliding displacement, 
it needs to deduct the base point displacement from the absolute center point 
displacement to get the relative center point displacement. This relative center point 
displacement reflects the structural deformation of 6 mm XAR-450 steel plate. Thus, 
ryδ  and rzδ denote the relative displacement of center point in Y and Z direction, 
respectively. 
 
It is shown in the figures (Figure 5.24 to Figure 5.28) of base point displacement that 
the structure blew and moved backwards under blast MK82. Generally, the FC shelter 
experiences a jump upwards under the blast loading, then it returned to its original 
position due to the gravity. Regarding to the sliding displacement in the blast loading 
direction, it experiences a sudden increase, after that it keeps fluctuating to reach its 
final stopping distance.  
 
Center point displacement figures demonstrate the absolute displacement and relative 
displacement of the center point. When the blast stand-off distance is larger than 30 m, 
the displacements keep fluctuating around the original place, shorter blast stand-off 
distance leads to the bigger differences between the absolute displacements and 
relative displacements. The residual plastic deformations become remarkably visible 
when the blast stand-off distances are 20 m and 10 m.    
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(a) Base point displacement histories under MK82@50m 
 
(b) Center point displacement histories under MK82@50m 
 

































































Chapter 5 Deployable Protective Structure Behaviour under Blast 
- 154 - 
 
(a) Base point displacement histories under MK82@40m  
 
(b) Center point displacement histories under MK82@40m 
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(a) Base point displacement histories under MK82@30m  
 
(b) Center point displacement histories under MK82@30m 
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(a) Base point displacement histories under MK82@20m 
 
(b) Center point displacement histories under MK82@20m 
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(a) Base point displacement histories under MK82@10m  
 
(b) Center point displacement histories under MK82@10m 
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(a) Panoramic view 
 
(b) Section view 
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Figure 5.29 shows an example of the deformed FC shelter under blast MK82 at 10 m. 
From panoramic and section view, the original contour and final deformed contour of 
the FC shelter are clearly rendered. The stopping distance of the FC shelter and final 
plastic deformation of the XAR-450 steel plate at blast loaded side are also shown in 
the figures. The overall backwards distance, denoted as the stopping distance, is 
approximately 0.36 m, which is about 1
7
 of the shelter width. 






























Figure 5.30: Sliding displacement time histories for FC shelter 
 
As shown in the Figure 5.30, the sliding displacements exhibited a linearly increase 
before the structure stops. When the structure works to resist an explosive with a 
stand-off distance from 50 m to 10 m, the stopping distance increases and the 
structure needs much longer time to stop. Table 5.3 shows the moving velocity of the 
FC shelter under the shock of blast loadings. The nonlinear increase of the velocity 
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with the variation of the blast stand-off distance shows shorter distance leads to the 
drastic increase in the velocity which may generate harmful effect to the people inside 
the shelter.  
 
Table 5.3 The FC shelter moving velocity under the shock of MK82 blast loadings 
Blast stand-off distance (m) 10 20 30 40 50 
Velocity (m/s) 1.01 0.29 0.13 0.08 0.07 
 
Similarly, uplift displacement histories of the base point under different blast loadings 
are shown in Figure 5.31. Higher blast loading causes the FC shelter to tilt and lift up 
at loaded side when it is subject to blast. However, the structure returns to the original 
position after the blast.  
 
Figure 5.32 and Figure 5.33 demonstrates clear relationships for the global structural 
displacement and local residual plastic displacement for the FC shelter against blast 
loading MK82 with different stand-off distances. Shorter blast stand-off distance 
resulted in both higher global structure displacement and local structural deformation. 
The residual plastic deformation of the XAR-450 steel plate occurs when the blast 
stand-off distance is less than 30 m. The resultant displacement= 2 2ry rzδ δ+ , where 
ryδ  is the relative displacement of center point in the Y direction, and rzδ  is the 
relative displacement of center point in the Z direction. It can be seen that the 
resultant displacement is mostly contributed by the displacement in the Y direction. 
The strong blast loading causes the loaded surface to a concave shape. 
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Figure 5.31: Uplift displacement time histories for FC shelter 
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Figure 5.33: Residual plastic deformation of 6 mm XAR-450 steel plate in FC shelter 
5.4 Damage with Ductile Fracture under Extreme Blast Loadings 
5.4.1 Ductile Fracture Mechanics 
The extreme blast loading will lead to the local fracture of the structure. A typical 
mode of ductile fracture is by void growth. The process consists of three sequential 
stages: void nucleation, void growth and void coalescence (Dodd and Bai, 1987). In 
practical engineering cases, the ultimate ductile fracture strain determined with tensile 
test is accepted as the measure of material plasticity (Czichos et al., 2006). Generally, 
the tensile test is performed using cylinder (Figure 5.34) or sheet specimens. The 
ductile fracture strain equals the equivalent strain in the fracture zone. The equivalent 
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In Figure 5.34, the strains in direction 1 and 2 are both radial strain for cylinder 
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Figure 5.34: Cylinder specimen in the tensile test 
Based on the constant volume condition 
1 2 3 0ε ε ε+ + =                         (5-5) 
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the strain in the direction 3 can be calculated as 
3 2ε ε= −                            (5-6) 






ε =                           (5-7) 
In addition, when the true stress evolves to its peak level, fracture or damage is 
assumed to initiate when the equivalent plastic strain plε  reaches 0plε . It is regarded 
that the fracture initiation strain 0
plε  depends on the stress triaxiality η  (ABAQUS 
manual 6.10), 
0 0 ( )
pl plε ε η=                          (5-8) 
where the stress triaxiality η  is defined as the ratio of the hydrostatic mean stress 
( mσ ) to the Von Mises equivalent stress σ  
mση
σ
=                            (5-9) 
where 
( )1 2 3
1
3m
σ σ σ σ= + +                      (5-10) 
and 
( ) ( ) ( )2 2 21 2 2 3 3 1
1
2
σ σ σ σ σ σ σ = − + − + −               (5-11) 
If 0.66η = − , it is a biaxial regular compression; 0.33η = − , it is an uniaxial 
compression; 0η = , it is a simple shear; 0.33η = , it is a uniaxial tension; 0.66η = , 
it is a biaxial regular tension, as shown in Figure 5.35. 
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Figure 5.35: The stress triaxiality values for plane stress cases 
 
A plot of 0
plε  in terms of η according to Eq. (5-12) presents the fracture locus of a 
material. A fracture locus similar to that calibrated by Lee and Wierzbicki (2004) for 
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where 1C is 0




η η= = ). 2C  can be calculated from the reduction in area RA  of a uniaxial, 
axisymmetric tensile specimen as 







=                           (5-14) 
 
0.66η = − 0.33η = − 0η = 0.66η =0.33η =
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where n  is the hardening exponent of a power law for isotropic strain hardening, 
which was introduced in Chapter 4. 
 
According to the uniaxial tensile test, the reduction in area can be calculated and 
tabulated in Table 5.4. Based on the experimental data and Equation (5-12) the 
fracture strain versus stress triaxiality relationship is obtained as shown in Figure 5.36. 
The data can be tabulated as damage material properties in the numerical modeling. 
The ductile fracture for mild steel uses the material damage properties of No. 20 steel 
investigated by Wei H.T. (1990). The yield strength and tensile strength for No. 20 
steel is 279 MPa and 468 MPa respectively. The effect of stress triaxiality on the 
effective plastic fracture strain of No. 20 steel is shown in Figure 5.37. 
 
Table 5.4 Reduction in area of the specimen in the uniaxial tensile test 
Coupon No. 1 2 3 
0d  (mm) 5 5 5 
1d  (mm) 3.28 3.45 3.14 
Reduction in area RA  (%) 57.1 52.4 60.6 
Average RA  (%) 56.7 
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Figure 5.36: Fracture strain vs. Stress triaxiality relationship for XAR-450 
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Figure 5.38: Stress-strain curve with progressive damage degradation 
 
Figure 5.38 illustrates the characteristic stress-strain behavior of a material 
undergoing damage. During the necking stage, the effective area shrinks from 0A  to 





′−′ =                          (5-16) 
Effective stress 
0 (1 ) 1eff
F F
A A D D
σσ = = =
′ ′− −
                  (5-17) 
where F is force applied; 0A  is gross area of cross section; effA is effective area of 
cross section. σ σ=  is for a virgin material; while σ = ∞ is at the time of rupture. 
 
When the damage initiation fracture strain criterion has been reached, the effective 
plastic displacement, plu , is defined with the evolution equation 
pl plu Lε=                           (5-18) 
where L  is the characteristic length of the element. It is unavailable for direct 
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experimental measurement of plfu  at complete failure. It was calibrated as the 
elongation Le  multiplied by the gauge length in a uniaxial test (Yu and Jeong, 2010). 
5.4.2 Finite Element Simulation 
5.4.2.1 Failure of a Sample Plate 
A 6 mm thick 6 m × 2.4 m steel panel made of high strength steel XAR-450 is 
simulated in the ABAQUS. Pinned boundary conditions are simulated for the four 
edges. This is to investigate on the failure of the XAR-450 steel against blast loadings, 
which provides a clear sense in understanding its fracture pattern. Figure 5.39 shows 
the failure modes of the panel under blast loading MK82 with distances from 2 m to 
2.5 m. The figures show that the fracture locus shifts from the symmetric axis y to the 
four corners with the increase of blast loadings.  
 
(a) MK82@2.5m                 (b) MK82@2.3m 
 
(c) MK82@2.2m                 (d) MK82@2m 
Figure 5.39: Failure of a sample plate against different blast loading 
x 
y 
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5.4.2.2 Failure of Standard Commercial Container (SCC) 
Figure 5.40 shows a comparison of the blast deformation between the 3C shelter and 
the standard commercial container (SCC). Both of the structures are against the blast 
loading MK82 at 10 m. It can be seen from the figure that the 3C shelter offers high 
protection level and high blast resistance, the permanent plastic deformation is much 
less than that of the SCC.  
 
(a) 3C shelter against MK82@10m 
 
(b) Standard commercial container against MK82@10m 
Figure 5.40: Comparison of the blast resistance between 3C shelter and SCC 
 
The collapse of SCC against blast loading MK82 at 6 m is shown in Figure 5.41. Due 
to the integrity of the SCC, the collapse is a global structural performance. The 
structure was undergoing large global buckling and fracture failure at the support, 
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which led to the final collapse of the SCC. It is observed that the SCC is quite 
vulnerable against blast loading. The large responded deformation easily cause 
destructive lost of the assets inside and fatal injury of the people inside. 
 
(a) Stress propagation               (b) Failure at support 
 
(c) Global buckling                 (d) Rolling over 
Figure 5.41: Collapse sequence of the SCC against MK82@6m 
5.4.2.3 Failure of 3C shelter 
In this section, the failure mode of the 3C shelter is investigated. The finite element 
modeling is used to simulate the 3C shelter with XAR-450 steel plate against blast 
MK82 at 2 m. Both strain rate effect and damage criterion are included in the 
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ABAQUS nonlinear finite element analysis. 
 
Figure 5.42 shows the collapse of 3C shelter against MK82 at 2 m step-by-step. 
Firstly, Figure 5.42 (a) shows the large stress concentration and deformation of the 
steel plate at the blast-loaded side under the blast shock. Unlike the deformation of the 
3C shelter against weaker blast loadings, the steel plate against extreme blast loading 
experiences much more severe local deformation. The stiffness of the steel plate is 
greatly softened in contrast with the frames. Next, as shown in the Figure 5.42 (b), the 
middle snap joint failed. It resulted in the greater deflection of blast loaded surface. 
Subsequently, with the further deformation development, the upper and lower snap 
joints also reached failure and base steel plate started to tear off, as shown in Figure 
5.42 (c). The fracture showed that the strain for XAR-450 steel reaches its ultimate 
level. Void growth is increasing in the material, leading to the internal cracks, and 
then followed by the fracture. Final collapse of the 3C shelter is shown in Figure 5.42 
(d). The structural failure is led by the large deformation of the steel plate, then the 
failure of snap joints, then the fracture of steel plate. In the current research, the 
anchoring system is assumed to be adequate to stabilize the structure. In this case, the 
internal force between the anchor region and steel plate is inevitably large, thus 
introducing the fracture at base plate. 
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(a) Large stress concentration at early shock stage 
 
(b) The middle snap joint failed  
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(c) Snap joints failed and the base steel plate started to tear off 
 
(d) Final failure 
Figure 5.42: Collapse sequence of the 3C shelter under extreme blast loading 
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The investigation in this section is based on the case study for the 3C shelter design. 
In the real engineering applications, the structural failure mode can be different when 
using different material or dimensions of the structural components. The stiffness and 
thickness of the joint plate may be increased if stronger connections are needed.  
 
It is shown in the Figure 5.43 that another collapse of 3C shelter with the enhanced 
connections. The 3C shelter failed without losing the function of the snap joint 
connections. More serious global buckling of steel panels developed, shown in Figure 
5.43 (a). Due to the enhancement of the connections, the base steel panel started to 
tear off without the failure of the snap joints; the fracture of the steel panel is shown in 
Figure 5.43 (b). After that, the further increase of structural deformation led to the 
failure of the support, as shown in Figure 5.43 (c). Finally, Figure 5.43 (d) shows that 
the 3C shelter is rolling due to the loss of stability. 
 
(a) Global buckling  
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(b) Base steel plate started to tear off  
 
(c) Support started to fail  
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(d) 3C shelter is rolling 
Figure 5.43: Collapse sequence of the 3C shelter with enhanced connections under 
extreme blast loading 
 
The blast protection levels of 3C shelter using various covering plates are summarized 
in the Table 5.5, with a comparison of the SCC. The total weight includes the weights 
of both frames and covering plates. The redeployment limited blast resistance is 
defined as the blast overpressure level when the maximum residual displacement is 
less than 5 mm ( 1
1200
of the span). This level shows that the shelter can be reused 
without restoration. The ultimate collapse blast protection level is defined as the blast 
overpressure level when the structure totally lose its blast resistant capacity. It can be 
seen from the table, 6 mm XAR-450 steel shows the best combination of the 
deployment weight and protection level. 
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Table 5.5 Blast protection level of 3C shelter 


















































5.5 Summary and Discussions 
In this chapter, blast resistance of proposed Deployable Protective Shelters (DPSh) is 
investigated by both field test and Finite Element Method (FEM) simulation. Fracture 
mechanics is included in the FEM simulation to better reflect the structural failure due 
to high energy released from the explosion. Three common types of bombs, MK 82, 
MK 83, and MK 84, were used for benchmarking purposes. The air-blast overpressure 
time histories were obtained through the conventional weapon effects calculation 
software CONWEP.  
 
Blast field test a 1 m × 1 m sample plate of 6 mm XAR-450 was carried out to 
provide first-hand understanding of structural behavior under a real blast, which 
served as benchmark for the FEM simulations. The high strength steel sample plate 
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deformed with residual plastic deformation of less than 1 cm with blast stand-off 
distance of 15 m under 100 kg TNT in cylinder shape. 
 
FEM simulations proved that strain rate effects of 6 mm XAR-450 steel plate is 
negligible on the blast response of the Connectable Collapsible Container-based 
Shelter (3C Shelter) against MK series blast loadings. This is because the strain rates 
were less than 100 s-1.  
 
Parametric study was performed on the structural behavior of 3C Shelter using 6 mm 
high tensile XAR-450 steel to find out the relationship among charge weight, 
stand-off distance and structural deformation. It showed that the higher charge weight 
resulted in greater structural deformation and residual plastic deformation, and 
comparatively smaller elastic deformations. On the other hand, the shorter blast 
stand-off distance led to greater plastic deformation. 
 
Comparison of the structural behaviour of 3C shelter using two different protective 
covering materials, 6 mm high tensile XAR-450 steel and 3 mm SECURE MS special 
steel, was made. It can be concluded that the higher blast resistance takes an expense 
on heavier structural weight. The lighter 3 mm SECURE MS special steel is used as 
an alternative high strength protective material if the blast protection level is allowed 
to be lowered moderately. The parametric study presented the critical blast stand-off 
distance of 40 m for 3C shelter using the 6 mm high tensile XAR-450 steel and 30 m 
when using the 3 mm SECURE MS special steel. The starting residual plastic 
deformation for the former is 7 mm, and that for the latter is 6 mm. The residual 
plastic deformations were 0.15 m for 6 mm XAR-450 steel and 0.25 m for 3 mm 
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SECURE MS steel respectively when the structure subjected to the blast loading 
MK82 at 10 m stand-off distance. Both the two types of high strength steel provided 
the required blast resistance. The ultimate tensile strength of 3 mm SECURE MS steel 
is slightly higher than that of 6 mm XAR-450 steel, however, due to the thickness, the 
6 mm XAR-450 steel caused less residual plastic deformation than 3 mm SECURE 
MS steel. 
 
Structural behavior of Foldable Container-based Shelter (FC Shelter) is investigated 
under blast MK82. The parameters in the study include blast stand-off distance, 
sliding displacement, uplift displacement and moving velocity. It can be concluded 
that the closer blast stand-off distance the higher the energy from the blast, which 
released more energy to cause the structure longer sliding displacement, higher uplift 
displacement and faster moving velocity. The critical blast stand-off distance for 
occurring plastic deformation is 30 m, which is similar to the behavior of 3C Shelter. 
An example of the deformed FC shelter under blast MK82 at 10 m were illustrated 
with panoramic and section view, the original contour and final deformed contour. 
The sliding displacement, uplift displacement and moving velocity are 0.36 m, 0.16 m, 
1 m/s for this loading case.  
 
The fracture mechanics of XAR-450 were investigated for the failure analysis of the 
DPSs against extreme blast loadings. The fracture strain and stress triaxiality 
relationship of XAR-450 was studied and obtained. A 6 m × 2.4 m sample steel plate 
made of XAR-450 was investigated to provide a preliminary view on the fracture of 
the material. It showed that the fracture locus shifts from the symmetric axis y to the 
four corners with the increase of blast loadings. 
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It is concluded through the FEM simulations of both 3C shelter and SCC that the 3C 
shelter offers higher protection level and blast resistance, the permanent plastic 
deformation is much less than that of the SCC. 
 
The failure forms of the Standard Commercial Container (SCC) showed that the SCC 
is quite vulnerable against blast loading. The failure of the structure started with large 
global buckling and fracture failure at the support. The large responded deformation 
easily cause destructive lost of the assets inside and fatal injury of the people inside.  
 
Two cases of the collapse sequence of 3C shelter against MK82 at 2 m step by step 
were also clearly demonstrated. The difference between the two cases is the 
connection stiffness (2nd case is with stronger connection than the 1st case), in which 
one case allows local failure of connection to appear while the other case allows 
global failure before any local connection failure. For the former, the structural failure 
is led by the large deformation of the steel plate, followed by the failure of snap joints, 
and finally the fracture of steel plate. Void growth was found to increase in the 
material, leading to the internal cracks, which was followed by the fracture. Another 
collapse of 3C shelter with the enhanced connections failed without loss of the 
function of the snap joint connections. However, more serious global buckling of steel 
panels developed was observed. Due to the enhancement of the connections, the base 
steel panel started to tear off without the failure of the snap joints. After that, the 
continuous increase of structural deformation led to the failure of the support, which 
led 3C shelter collapsed and kept tumbling due to the loss of stability. In contrast with 
the SCC, the 3C shelter deforms less. 
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Chapter 6 Deployable Protective Structure Behaviour against 
Impact 
This chapter investigates the impact resistance of Deployable Protective Structure 
(DPS) through both experiments and numerical simulations. It includes two parts: one 
is the Deployable Protective Shelter (DPSh) subject to the impact of high velocity 
(100 m/s ~ 600 m/s) bullet and fragments from explosions, and the other is the 
Deployable Vehicle Crash Barrier (DVCB) subject to the impact of low velocity (10 
m/s ~ 50 m/s) vehicle crash attack  
6.1 High Velocity Impact Resistance 
Bullets and explosion fragments are light in weight but they travel in high velocity 
and carry large amount energy to release their destructive effect, and lead to large 
local deformation. This section investigates the protection level of various protective 
materials for DPSh in accordance with the NIJ standard [w23] 0108.01 level IIIA 
(9mm Full Metal Jacket (FMJ) bullet at 426 m/s) and STANAG (2004) level 1 to 3 
(12.7 mm Fragment Simulating Projectile (FSP) at 310 m/s, 420 m/s and 560 m/s). 
Besides, the numerical simulations are carried out for further prediction purpose. 
6.1.1 High Velocity Impact Tests 
The high-pressure gas gun has been designed to launch the projectiles for the high 
velocity impact test. The main components of the gas gun are the 200 bar (1 bar = 0.1 
Chapter 6 Deployable Protective Structure Behaviour against Impact 
- 184 - 
MPa) pressure cylinder tank filled with helium, the purpose-built firing section for 
compressed gas chamber, the 6 m long smooth barrel of diameter 14.5 mm, the 0.51 
m3 of closed impact chamber and an oscilloscope, as shown in Figure 6.1. The gas 
gun is capable of launching to a maximum velocity of 1000 m/s when helium is used 
as a propellant gas. 
 
 





Velocity measuring device 
Test plate 
Closed impact chamber 
Barrel 
Impact chamber Compressed gas chamber 
6m long barrel Oscilloscope Gas tank 
Witness 
plate 
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6.1.1.1 Bullet Penetration Tests 
The protective level of the materials against bullet impact may be tested using US-NIJ 
standard. In this study, level IIIA of NIJ 0108.01 is used to benchmark the bullet proof 
levels of lightweight DPSh. The test requirements of NIJ standard 0108.01 level IIIA 
are shown in Table 6.1.  









Hand gun 9 
Full Metal 
Jacket (FMJ) 
8 426 +/-15 
 
 
In order to achieve the level IIIA of NIJ Standard 0108.01, FMJ round nose bullet was 
chosen as shown in Figure 6.2. The projectile materials contain copper alloy (Approx. 
90 copper - 10 zinc) jacket and lead infill. The bullet has a diameter of 9 mm and a 
total length of 16 mm. The mass of bullet is about 8 g. The copper-lead projectile 
inflicts damage by expanding upon impact, causing more damage to the target. 
 
Since the bullet diameter is smaller than the barrel diameter, the projectile was housed 
in a plastic sabot. Figure 6.3 shows the bullet and sabot before assembly and after 
assembly. 
 
For the bullet impact test specimen, four materials were used in the tests: two high 
strength steel (6 mm XAR-450 high tensile steel and 3 mm SECURE MS special 
steel), 8 mm mild steel, and a Twaron® fabric. 
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Figure 6.2: 9 mm round nose full metal jacket bullet 
 
 
Figure 6.3: 9 mm FMJ bullet with Sabot 
Lead Copper jacket 
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6.1.1.1.1 High Strength Steel Plate against Bullet 
In the ballistic test, the most important result is whether the test plate is perforated or 
not (Phyo et al., 2008), which was taken as the main reference guideline to compare 
the ballistic performance of the investigated steel plates. The penetration depth of the 
specimen indicates how the test plate was penetrated under the impact of 9 mm FMJ 
projectile.  
 
Based on the requirements of NIJ standard, five impact points will be shot on each 
200 mm × 200 mm high strength steel plate test specimen, as shown in Figure 6.4. 
The test set up is shown in Figure 6.5. The steel plate specimen was supported on two 
edges with two steel bars. The plate was bolted at four corners. Figure 6.6 shows the 
bullet conditions before and after the penetration test. 
 
Figure 6.4: Multi-hit pattern in accordance with NIJ standard 
Impact points 
Unit: mm 
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Figure 6.5: Test plate set up 
 
 
Figure 6.6: Bullet before and after penetration test 
 
For the 6 mm thick XAR-450 high strength steel plate, when the projectile hit the 
target steel plate, local melting of projectile occurs because friction between the steel 
and the projectile converts to heat. As shown in Figure 6.7, there are no big radial or 
tangential cracks observed on the test specimen. The penetration depth measured on 
XAR-450 steel plate specimen was less than 1 mm (Table 6.2). 
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Figure 6.7: Test results of 6 mm XAR-450 steel plate 
 
Table 6.2 Penetration depth of 6 mm XAR-450 steel plate against bullet 
Impact point 1 2 3 4 5 
Velocity 
(m/s) 
425.53 425.53 429.18 434.78 434.78 
Penetration depth 
(mm) 
0.2 0.19 0.14 0.18 0.21 
 
Figure 6.8 shows the ballistic performance of the 3 mm thick SECURE MS steel plate 
impacted by five shots of 9 mm FMJ bullet. The test result showed that the localized 
penetration depths of the SECURE MS special steel plate were less than 4.6 mm, as 
shown in Table 6.3. The penetration depths are generally much greater than those of 6 
mm XAR-450 steel plate due to its thinness. There was no perforation after five 
impact shots. The test results showed that the 3 mm SECURE MS special steel plate 





Chapter 6 Deployable Protective Structure Behaviour against Impact 
- 190 - 
 
Figure 6.8: Test results 3 mm SECURE MS special steel plate 
 
Table 6.3 Penetration depth of 3 mm SECURE MS special steel plate against bullet 
Impact point 1 2 3 4 5 
Velocity 
(m/s) 
423.73 425.53 427.35 427.35 431.03 
Penetration depth 
(mm) 
3.56 4.52 3.95 4.14 4.53 
 
6.1.1.1.2 Mild Steel Plate against Bullet 
The impact test scheme of a 8 mm thick 100 mm × 160 mm mild steel plate specimen 
is shown in Figure 6.11. Figure 6.10 shows the test set up, the mild steel specimen 
was clamped at two edges. Although having a thickness of 8 mm, mild steel plate 
showed different ballistic resistances due to low tensile strength. The penetration 
depth was 1.05 mm, as shown in Figure 6.11. From experimental result, the 8 mm 
thick mild steel plate also can meet the requirement for the level IIIA of NIJ standard 
(426 m/s). 
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Figure 6.9: 8 mm mild steel plate specimen 
 
Figure 6.10: Test set up of 8mm mild steel against bullet 
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6.1.1.1.3 Woven Fabric against Bullet 
Another potential protective material is Twaron® fabric. It is made of heat-resistant 
and strong synthetic fibers. The tests for 26 plies and 58 plies Twaron CT714 against 
bullet are shown in Figure 6.12. The experimental result shows that the 26 plies 
system failed to meet NIJ Standard-0108.01 level IIIA. The bullet penetrated the 
target material. The 58 plies Twaron system shows that the 9 mm FMJ bullet was 
stopped at 54 plies, as shown in Figure 6.13. Flattening of the fibers occurs when 
projectiles pressed directly onto the fibers. The 58 plies Twaron was found to fulfill 
the level IIIA of NIJ standard-0108.01.  
 
Figure 6.12: Test of 26 plies Twaron against bullet 
Before test 
26 plies Twaron after test 
58 plies Twaron after test 
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Figure 6.13: The 54th ply stops the bullet 
Figure 6.14 shows the deformed pattern of the FMJ bullet projectile and sabot before 
and after impact. The original height of the bullet is 16mm and diameter is 9mm. The 
bullet was shortened during the high velocity impact. The 58 plies Twaron stopped the 
bullet and it absorbed higher energy and therefore the bullet deformation was greater. 
The impact process photos taken by high velocity camera are shown in Figure 6.15. 
 
Although laminated high strength fabric has strong potential to decrease armor weight 
compare to armor steels, the spalling in these materials under the high velocity impact 
notably decreases their multi-hit capability. In addition, the multi-layer fabric with 
adequate protection level is much thicker than the steel plates, causing it unsuitable 
for the deployment of DPSs. Another disadvantage is the complex technology needed 
to connect the Twaron fabric.  





Note: bullet A is used for 26 plies system and bullet B is used for 58 plies system. 
Chapter 6 Deployable Protective Structure Behaviour against Impact 
- 194 - 
 
Figure 6.15: Impact process of Twaron system 
26 plies 58 plies 
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6.1.1.2 Fragment Simulating Projectile Penetration Tests 
The ballistic resistance of high strength steel and mild steel against Fragment 
Simulating Projectiles (FSP) made of AISI4340 are investigated through the high 
velocity impact tests in this section. The FSP with diameter of 12.7 mm is selected 
according to the specification, as shown in Figure 6.16. The mechanical properties of 
fragment simulating projectile based on the manufacturer’s data are shown in Table 
6.4. Three different FSP impact velocities of 310 m/s, 420 m/s and 560 m/s were used 
for each type of steel plates in accordance with STANAG standard level 1, 2 and 3. 
 
 
Figure 6.16: 12.7mm FSP with sabot 
 
Table 6.4 Mechanical properties of FSP AISI4340 
Yield Strength > 758 MPa 
Tensile Strength > 990 MPa 
Young's modulus 200 GPa 
Elongation at fracture (%) 15 
Hardness 286 HB (30 HRC) 
Density 7857.65 kg/m3 
 
5.69 mm 12.83 mm 
13.75 mm 
350 
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6.1.1.2.1 High Strength Steel Plate against FSP 
The test specimen details and the multi-hit pattern of FSP in accordance with 
STANAG standard are shown in Figure 6.17. Two types of high strength steel, 6 mm 
XAR-450 steel and 3 mm SECURE MS special steel, are tested against FSP impact in 
accordance with the STANAG level 1, 2 and 3.  
 
Figure 6.17: Test specimen and multi-hit pattern in accordance with STANAG 
standard 
 
Firstly, 6 mm thick XAR-450 steel plate specimen was subject to the ballistic impact 
by 12.7 mm FSP. No penetration was observed but craters were created on the steel 
plate, as shown in Figure 6.18. Craters produced by the 12.7 mm FSP are generally 
hemispherical in shape, with a curved rear surface matching the mushroomed 
deformed front portion of the FSP. No big radial or tangential cracks were observed 
on the test plate specimen. The penetration depths of the XAR-450 after four shots are 
shown in Table 6.5. The penetration depth at the STANAG level 3 was approximately 
4 mm. The test results state that the 6mm thick XAR-450 steel plate well meets the 
requirement of STANAG level 3. Besides, deformed FSPs for 6mm thick XAR-450 
200 mm 
200 mm 100 mm 
50 mm 
80 mm 40 mm 
Impact point 
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steel plate test are shown in Figure 6.19. 
 
Figure 6.18: Test results of 6 mm thick XAR-450 steel plate against FSP 
Table 6.5 Penetration depth of 6 mm XAR-450 steel plate against FSP 
Impact point 1 2 3 4 
Velocity (m/s) 305 402 560 563 
Penetration depth (mm) 1 2 4 4.5 
 
Figure 6.19: Deformation of FSP after impact with different velocities velocity 
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Secondly, 3 mm thick SECURE MS special steel plate specimen is used as the target 
plate and its penetration tests are carried out. The test results are shown in Figure 6.20. 
For the FSP impact velocity of 313 m/s, the impact hole appeared by tearing the plate 
specimen, but the plug was not separated from the test plate. For the FSP impact 
velocity of 418 m/s and 557 m/s, the perforation of the plate involves punching out a 
plug resulting from the shear failure. An adiabatic shear band was formed around 
impact hole and small radial cracks were observed. The adiabatic shear band leads to 
the complete separation of the plug. It can be concluded that 3 mm thick SECURE 
MS special steel plate failed at STANAG protection level 1, 2 and 3. 
 
Figure 6.20: Test results of 3mm thick SECURE MS special steel plate against FSP 
6.1.1.2.2 Mild Steel Plate against FSP 
The tests on 8 mm thick 100 mm × 160 mm mild steel plates against FSP were carried 
out to compare with the high strength steel. Figure 6.21 shows the test results of FSP 
at 316.4 m/s and 413.2 m/s. The higher impact velocity contributed to greater 
1# 2# 
3# 
1#: 313 m/s 2#: 418 m/s 3#: 557 m/s 
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penetration depth.  
 
When tested at STANAG level 3, with an impact velocity of 571.2 m/s, the mild steel 
plate was fractured due to the high energy during impact, shown in Figure 6.22. The 
bullet was embedded into the crater of the mild steel plate. Therefore, the 8 mm mild 
steel passed STANAG level 1 and 2, but failed at level 3. 
 
 
Figure 6.21: Test results of 8 mm mild steel against FSP 
316.4 m/s 413.2 m/s 
316.4 m/s 413.2 m/s 
Penetration depth: 2.31 mm Penetration depth: 4.26 mm 
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Figure 6.22: Fracture of 8 mm mild steel plate against FSP impact at 571.2 m/s 
6.1.2 Numerical Simulation 
As shown in the test results, only the high strength steel XAR-450 offers the adequate 
protection level in accordance with the level IIIA of NIJ 0108.01 and level 1, 2 and 3 
of STANAG standard. In this section, Finite Element Method (FEM) numerical 
simulation can be used as prediction estimation for the impact resistance for the high 
strength steel. The numerical results are compared with the experimental results to 
validate its accuracy in predicting the penetration depth and deformed shape, and 
Front Back 
Chapter 6 Deployable Protective Structure Behaviour against Impact 
- 201 - 
compared with the mild steel to show the high ballistic resistance of the high strength 
steel.  
 
The general finite element analysis software ABAQUS is used. During the process of 
finite element calculation and analysis, both material and geometric nonlinearity 
effects are included. Plasticity is governed by von Mises yield criterion combined 
with an isotropic hardening rule. The element type of the target steel plate uses 
C3D8R solid element with a large-strain formulation and reduced integration method. 
The interaction between the projectiles and target plate during the high velocity 
impact uses surface-to-surface contact with penalty contact method constraint 
formulation. Finite-sliding contact is used to allow for arbitrary relative separation, 
sliding, and rotation of the contacting surfaces. The dynamic explicit scheme is used 
in the analysis, which is particularly suitable for blast, impact and crash simulations 
because it uses central differences method. This method requires very small time step 
to ensure a stable solution. 
6.1.2.1 Bullet Impact Simulation 
9 mm round nose Full Metal Jacket (FMJ) bullet numerical modeling is simulated to 
investigate the structural response of 200 mm × 200 mm × 6 mm high strength 
XAR-450 steel plate. Copper jacket of the FMJ bullet uses brass material with a 
Young's modulus of 110 GPa, a Poisson's ratio of 0.375, a density of 8520 kg/m3, and 
a plastic hardening rule of 0.42112 505  MPapσ ε= + . The lead core of the FMJ bullet is 
modeled using Equation of State (EOS) mechanical properties with a density of 11340 
kg/m3. The EOS provides a hydrodynamic material model in which the material's 
volumetric strength is determined by an equation of state (ABAQUS Manual). The 
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EOS Linear Us-Up equation of state is used. The material parameter 0c , s , and 0Γ  
are 2006, 1.429 and 2.74 respectively. The element type of the FMJ bullet including 
the copper jacket and lead core uses C3D4 solid element with 4-node linear 
tetrahedron due to its irregular shape. 
 
The impact point is chosen at the center point of the target plate. One quarter of the 9 
mm FMJ bullet and the 6 mm XAR-450 steel plate are modeled due to the biaxial 
symmetry, as shown in Figure 6.23. Based on the mesh convergence study (Appendix 




Figure 6.23: FEM modeling of the FMJ bullet and 6 mm XAR-450 steel plate  
 
Section view 
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(a) Section view 
    
     
(b) 3D view 
Figure 6.24: Deformation and stress histories 
 
According to the NIJ standard, impact velocity of 426 m/s for the 9 mm FMJ bullet 
was simulated. Both the section view and 3D view of the impact responses are shown 
in Figure 6.24. Compared with the high stiffness and robustness of high strength 
XAR-450 steel plate, the bullet is made of a copper jacket and a lead core. At the time 
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of impact, the copper jacket suffers large deformation and then is torn off at the tip of 
the round nose at impact point. Subsequently, the lead core also experiences large 
plastic deformation. The entire bullet was flattened, while the deformation of the steel 
plate is negligible. Figure 6.25 shows the deformed bullet after impact for both 
numerical result and test result, which makes a good agreement in the deformed 
shape. 
   
(a) Numerical result                     (b) Test result 
Figure 6.25: 9 mm FMJ bullet deformation after impact 
Regarding to the penetration depth, both experiments and numerical results also 
provide a reasonable agreement, shown in Table 6.6. The penetration depth is 
invisibly small, which is less than 1 mm. However, the strain rate effect (investigated 
in the Chapter 4) still showed its favorable influence on impact resistance. It is found 
that the penetration depth on the test plate is decreased by 32% when the strain rate 
effect is considered in the analysis. The penetration depth with strain rate effect was 
much closer to the experiment data. The high strength steel XAR-450 exhibits very 
high impact resistance against 9 mm FMJ bullet impact. Table 6.7 shows the 
penetration depths of 8 mm mild steel against the 9 mm FMJ bullet impact as a 
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comparison. Both the experimental and numerical penetration depths are about 5~6 
times greater than those of the high strength steel XAR-450. For the mild steel, the 
FEM result with strain rate effect made a much better agreement with the test result 
than that without strain rate effect. The penetration depth is reduced more than 50% 
from 2.41 mm to 1.12 mm when strain rate effect is included in the analysis. It shows 
that the strain rate effect in the mild steel is more significant than the high strength 
steel. 
Table 6.6 Comparison on penetration depths between test and numerical simulation 
for 6 mm XAR-450 against 9 mm FMJ bullet impact 













strain rate effect 
Without 
strain rate effect 
425.53 0.2045 






Table 6.7 Comparison on penetration depths between test and numerical simulation 
for 8 mm mild steel against 9 mm FMJ bullet impact 













strain rate effect 
Without 
strain rate effect 
426 1.05 426 1.12 2.41 
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6.1.2.2 Fragment Simulating Projectile Impact Simulation 
The impact resistance of high strength steel plate against Fragment Simulating 
Projectile (FSP) is investigated by finite element analysis software ABAQUS. A 200 
mm × 200 mm × 6 mm steel plate made of high strength steel XAR-450 was used for 
impact. Figure 6.26 shows the numerical modeling for the FSP and the 6 mm thick 
high strength steel plate. The FSP is made of AISI4340 steel (Table 6.4) with a 
Young's modulus of 200 GPa, a Poisson ratio of 0.3, a density of 7857.65 kg/m3, a 
yield strength of 968 MPa, and a tensile strength of 1091 MPa. The element type of 
the FSP uses C3D8R solid element with a large-strain formulation and reduced 
integration. Based on the mesh convergence study (Appendix A), 1 mm mesh size 
was used.  
 
Figure 6.26: Finite element modeling of FSP and high strength steel plate XAR-450 
Three different impact velocities 310 m/s, 420 m/s and 560 m/s of the FSP were used in 
the numerical simulations. Stress wave propagation on the high strength steel XAR-450 
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against the FSP at impact velocity of 560 m/s is shown in Figure 6.27. It is shown the 
stress distribution where the maximum stress is concentrated at the impact crater with 
radially decreasing stress wave propagation. With a comparison of the test results, the 
FEM predictions show a reasonable agreement. Figure 6.28 shows that the deformed 
FSP at different impact velocities in FEM simulation are similar with those measured in 
the tests. The heads of the FSPs were shortened and flattened. Higher impact velocity 
leads to more severe deformation due to high energy release.  
 
Figure 6.27: Stress wave propagation at impact 
 
Figure 6.28: Deformed FSP at different impact speed 
563 m/s 560m/s 402 m/s 305 m/s Before test 
Before test 560m/s 420 m/s 310 m/s 
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Figure 6.29: Deformation and stress distribution against FSP impact 


















 560m/s without strain rate effect
 560m/s with strain rate effect
 420m/s without strain rate effect
 420m/s with strain rate effect
 310m/s without strain rate effect
 310m/s with strain rate effect
 
Figure 6.30: Displacement time histories at impact centre point of the high strength 
XAR-450 steel plate 
Center point 
of impact 
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Figure 6.29 and Figure 6.30 illustrate the location and displacement histories of the 
impact center point respectively. The structural deformation can be reduced if the 
strain rate hardening effect is included in the finite element analysis, and the higher 
strain rates lead to the greater decrease in the structural deformation. In addition, the 
FEM predictions for penetration depths are compared with those observed in the tests, 
as shown in Figure 6.31. The FEM result with strain rate effect agrees well with the 
experiment data. 
 
Figure 6.31: Comparison of penetration depths measured in the tests with FEM 
predictions for FSP impact on high strength steel XAR-450 
 
Due to biaxial symmetry of the 200 mm × 200 mm plate, penetration depths at five 
representative impact points on a quarter of the plate were selected in the simulation 
to reflect the impact responses of the entire plate. The purpose is to investigate the 






















Impact velocity (m/s) 
FEM result without strain rate effect 
FEM result with strain rate effect 
Experiment data 
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illustrates the five representative impact locations and their coordinates. Table 6.8 
shows the penetration depths at the five impact center points. It is observed that the 
penetration depths are not influenced by the locations of impact points. 
 
Figure 6.32: Coordinates of impact points on a quarter plate 






Penetration Depth  
(mm) 
1 0.1 0.1 4.10 
2 0.025 0.1 3.89 
3 0.1 0.04 3.90 
4 0.025 0.04 3.98 
5 0.05 0.07 3.89 
 
In order to investigate the multi-shot effect on the high strength steel, according to the 
standard STANAG, four 12.7 mm FSPs were used to impact the 200 mm × 200 mm 
high strength steel plate. The impact scheme is shown in Figure 6.33. Four shots were 





P1: (0.1m, 0.1m) P2: (0.025m, 0.1m) 
P3: (0.1m, 0.04m) 
P4: (0.025m, 0.04m) 
P5: (0.05m, 0.07m) 
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impact points are illustrated in Figure 6.34. It is noted that each individual 
deformation is not affected by multi-shoot. The high velocity impact leads to more 
remarkable local penetration depth. 
  
Figure 6.33: Finite element modeling of FSP and high strength steel plate 
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The impact of a 8 mm steel plate made of mild steel A36 against 12.7 mm FSP was 
numerically simulated as a comparison with the high strength steel XAR-450. The 
same nonlinear finite element method was used. The penetration depths of FEM 
results with the variation of the impact velocity for mild steel subject to 12.7 mm FSP 
impact are shown in Figure 6.35. The experimental data are also shown in the figure 
as a comparison. In contrast with the results of high strength steel XAR-450, the 
penetration depths of mild steel are generally greater than those of high strength steel. 
It can also be found that FEM results with strain rate effect are much closer to the test 
result than that without strain rate effect. 
 
 
Figure 6.35: Comparison of penetration depths from tests with FEM predictions for 
FSP impact on mild steel 
 
Table 6.9 shows that the strain rate effects lead to more decrease in the penetration 





















Impact velocity (m/s) 
FEM result with strain rate effect 
FEM result without strain rate effect 
Experimental data 
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rate effects in the mild steel is more significant than in the high strength steel. For a 
case of impact velocity 420 m/s, the decrease in penetration depth of high strength 
steel XAR-450 is 27.7% due to strain rate effects, while the decrease of mild steel 
A36 can reach 39.8%. 
 
Table 6.9 Strain rate effects induced decrease in penetration depths for high strength 





Decrease in penetration depth when consider 
the strain rate effect 
High Strength Steel XAR 450 Mild Steel A36 
1 310 27.2% 37.4% 
2 420 27.7% 39.8% 
3 560 28.4% Cracking 
 
Figure 6.36 shows the comparison on deformations between test results and FEM 
simulations of the mild steel against FSP impact at STANAG level 3. At the FSP 
impact velocity of 571.2 m/s, an arch shape crack in the 8 mm mild steel plate was 
observed on the back surface. Through the comparison of deformation at front surface 
and back surface, the FEM simulations agree well with the test results. Due to the low 
yield strength and tensile strength of the mild steel, its impact resistance is much 
lower than the high strength steel XAR-450. The mild steel suffered greater plastic 
deformation and could not resist the impact of STANAG level 3. 
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(a) Front surface of test result       (b) Front surface of FEM result 
 
(c) Back surface of test result        (d) Back surface of FEM result 
 
(e) Section view of the impact FEM result 
Figure 6.36: Comparison between penetration tests and FEM predictions of mild steel 
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6.2 Vehicle Crash Impact Resistance  
Besides the Deployable Protective Shelter system, another type of Deployable 
Protective Structure developed in this thesis is the three-fold Deployable Vehicle 
Crash Barrier (DVCB) system. This section investigates the crashworthiness of the 
proposed DVCB, which comprises effective energy dissipation system.  
6.2.1 Experimental Investigation of Spikes 
As developed in the Chapter 3, the functional spikes are a key component in the 
DVCB system to provide adequate friction and strong attachment with the road 
surface, as shown in Figure 6.37. Therefore, it is essential to investigate the structural 
performance of the spikes, which will serves as a precondition for the FEM simulation. 
There are two main concerns of the spikes. One is the friction force between the 
spiked plate and road. The other is the energy required to punch the spikes into the 
road surface. Therefore, the friction and the impact tests were carried out. 
 
 
Figure 6.37: Spikes in the DVCB 
 
Spikes 
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6.2.1.1 Test specimens 
The completed asphalt pavement specimen (Appendix B) is shown in Figure 6.38. 
The dimension of asphalt specimens is 500 mm (width) × 500 mm (length) × 85 mm 
(height). The weight of the asphalt pavement specimen is about 45 kg with a density 
of 2200 kg/m3. 
 
Figure 6.38: Asphalt pavement specimen 
 
Two steel plates specimens with spikes (one is with 3 spikes and the other is with 4 
spikes) are fabricated for the impact test. The dimension of specimen A (with 3 spikes) 
is shown in Figure 6.39, with a total weight of 21.5 kg. The dimension of specimen B 
(with 4 spikes) is shown in Figure 6.40, with a total weight of 12 kg. 
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Figure 6.39: Steel plate with 3 spikes (Specimen A) 
 
Figure 6.40: Steel plate with 4 spikes (Specimen B) 
 
All spikes are machined from alloy steel 4140 square bars. The mechanical properties 
given by the vendor are shown in Table 6.10. All spikes have a uniform shape of a 
rectangular pyramid. The height of the spike is 50 mm and the length of the base side 
is 35 mm. 
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Table 6.10 Mechanical properties of spike material 
Density (×1000 kg/m3) 7.7-8.03 
Poisson's Ratio 0.27-0.30 
Elastic Modulus (GPa) 190-210 
Tensile Strength (Mpa) 655.0  
Yield Strength (Mpa) 417.1  
Elongation (%) 25.7 
Reduction in Area (%) 56.9 
Hardness (HB) 197 
Impact Strength (J) 54.5  
 
6.2.1.2 Friction Test 
Friction test was carried out to investigate the friction force between the asphalt road 
surface and the steel plate with spikes. The test setup is shown in Figure 6.41. The 
spiked plate was put on the asphalt road specimen with a steel cable pulling from one 
side. The steel cable is towed by the load weight through a pulley. The pulling force 
can be obtained by summation of the load weight. The minimum load weight causing 
the spiked plate to move can be defined as the critical load weight, or the critical 
sliding friction. Through dividing the critical sliding friction by the total mass of the 
spiked plate, the friction coefficient can be obtained. 
 
It can be seen from Tests 1 and 2 shown in Table 6.11, the friction coefficient between 
steel plate surfaces without spikes and asphalt pavement surface is less than 1. Tests 2 
and 3 show the comparison between two different contact conditions, one is with 
spikes; the other is without spikes. The critical load weight is significantly increased 
to 270% from 10.3 kg to 27 kg if the contact is with the spikes. From tests 3, 4, and 5, 
it is found that the critical load weight keeps increasing when the mass of specimen B 
is increased. The average friction coefficient is about 2.36, which may be used in the 
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FEM simulations. The critical load weight versus total mass relationship is also 
shown in Figure 6.42. However, the increase of the critical load weight is not always 
linear. The reason of the nonlinearity is that the crushing strength of the asphalt, rather 
than the total weight of the steel plate, controls the contact forces between asphalt 
pavement and steel plates with spikes. Some grooves created by the sharp spikes were 
observed on the asphalt pavement specimen surface, shown in Figure 6.43. 
 
 





21.5 kg (A); 
12 kg (B). 
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Table 6.11 Results from test on contact forces 








1 A without spikes 
(0.1088) 
21.5 16.0 0.74 
2 B without spikes 
(0.1200) 
12.0 10.3 0.85 
3 B with spike 12.0 27.0 2.25 
4 B with spike 17.0 43.5 2.56 
5 B with spike 22.0 50.0 2.27 
 
 
               
 
      With spikes                         Without spikes 
 

































Chapter 6 Deployable Protective Structure Behaviour against Impact 
- 221 - 
 
Figure 6.43: Grooves found on the asphalt surface 
6.2.1.3 Impact test 
The main objective of the impact test is to study the energy requirement for the spikes 
on the plate to penetrate the asphalt pavement. Figure 6.44 shows the test up. The 
asphalt pavement specimen was confined in a wooden mould and clamped to the 
support. The spiked plate was put on the asphalt pavement specimen. Those spikes are 
sprayed in yellow for easier observation. A drop weight (48 kg), which was lifted by a 
cable, fell freely along the aluminum slot and punches on the steel plate. Laser beam 
was used to measure the velocity of the dropping weight just before the punching 
moment. 
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Figure 6.44: Impact test set up 
 
Four impact tests were carried out: (1) specimen A was impacted by the dropping 
weight from 1.5 m high, (2) specimen A was impacted by the dropping weight from 
2.5 m high, (3) specimen B was impacted by the dropping weight from 2 m high, and 
(4) specimen B was impacted by the dropping weight from 3 m high. 
 
Figure 6.45 shows the impact sequences recorded by the high-speed camera. The steel 
plate did not keep horizontally during the impact phase because it is not easy to 
guarantee that the dropping weight accurately hits at the geometry center of the 
triangular or parallelogram shaped by the spikes. 
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Figure 6.45: Impact video clips 
Chapter 6 Deployable Protective Structure Behaviour against Impact 
- 224 - 
Figure 6.46 shows the typical spike after impact test while Figure 6.47 shows the 
craters in the asphalt pavement after the test. Some cracks were observed on the 
asphalt specimen surface with specimen B impact. 
 
(a) Specimen A after impact 
 
(b) Specimen B after impact 
Figure 6.46: Spikes after impact test 
Chapter 6 Deployable Protective Structure Behaviour against Impact 
- 225 - 
  
(a) With specimen A impact 
 
(b) With specimen B impact 
Figure 6.47: Asphalt pavement after impact test 
 
Table 6.12 and Figure 6.48 show the result of the impact test. It is found that the 
penetration height ranges from 2.4 cm to 2.9 cm with the energy of 525 J to 1144 J. 
Chapter 6 Deployable Protective Structure Behaviour against Impact 
- 226 - 
The energy required for the proposed spike to penetrate a unit volume (cm3) of the 
asphalt pavement ranges from 227 J to 290 J. Linearity is shown in the relationship of 
the energy y and penetration volume x, which can be expressed as 272y x= .  
 
















E for a unit 
volume 
(J) 
A 1.5 4.83 525 24.2 2315 227 
A 2.5 6.44 933 27.9 3547 263 
B 2.0 5.69 728 25.0 2552 285 
B 3.0 7.13 1144 28.9 3942 290 
 
  


















Penetration volume (cm3) 
Experimental data 
272y x=
Chapter 6 Deployable Protective Structure Behaviour against Impact 
- 227 - 
6.2.2 Numerical Simulation on Crashworthiness 
Finite Element modeling of the proposed Deployable Vehicle Crash Barrier (DVCB) 
system is shown in Figure 6.49. The barrier is proposed to arrest a 2000 kg car 
travelling at 60 km/hour on a 6 m wide two-lane road. A DVCB module comprises L 
Plate with openings, base plate, and sliding plate, shown in Figure 6.49 (a). Half of 
the DVCB system (Figure 6.49 (b)), car and road surface are simulated in the 
ABAQUS due to the symetry. The plates use S460 steel with a thickness of 3 cm. 
DVCB modules are modeled using C3D8R solid element for base plate and C3D4 
solid element for L-plate and sliding plate. The global mesh size of DVCB uses 0.05 
m to allow the computing efficiency. The road and the car is simulated as the rigid 
bodies because the DVCB is the main concern of this thesis. Dynamic explicit scheme 
is used in the crash simulations. 
 
For simplification, the DVCB without the water tanks is simulated. A uniform 
pressure of 10 kN/m2 is applied on the base plate to simulate the effect of water tanks, 
which is equivalent of a water tank with 300 kg for each DVCB module.  
 
Through the friction and impact tests of the spikes in the section 6.2.1, the tangential 
and normal behavior of the contact between spiked plate and road surface were 
investigated. The contact friction coefficient was obtained as 2.36, and the normal 
behavior of the contact was modeled as hard contact without allowing separation after 
contact. The contact of all other surfaces is assumed to be frictionless.  
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(a) One DVCB module 
 
(b) half of the structure 
 
(c) Full structure on a 6 m wide 2-lane road 





Φ = 0.08 m 
6 m 
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(a) Upon impact 
 
(b) Sliding plate moves inwards and L plate rotation starts 
 
(c) L plate rotates down 
 
(d) Final stop 
Figure 6.50: Section view of crash sequence of DVCB 
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Figure 6.51: 3D view of DVCB at car crash 
 
The numerical results are shown in Figure 6.50 and Figure 6.51. The crash 
deformation time histories are shown in both section view and 3D view, which agree 
well with the actual demonstration of the scaled protoype. Plastic deformation of the 
Chapter 6 Deployable Protective Structure Behaviour against Impact 
- 231 - 
plates is a way to dissipate the impact energy.  
 
The sliding displacement of the DVCB, represented by the global displacement of the 
base plate, is shown in Figure 6.52. The DVCB experienced a slight backwards 
movement at the triger of the impact. This is because the leverage effect of the hinge 
between the L-plate and base plate. When the car hits the sliding plate, initiating the 
rotation of the L-plate, a backward force in the opposite direction is acted on the base 
plate through the hinges. After the negative displacements in the backwards direction, 
the structural displacement begins with a linear positive increase. During this process, 
the L plate hits the road surface, and the DVCB moves forward together. Finally, the 
DVCB stopped the car due to full energy dissipation. The stoping distance is 
approximately 0.43 m. This can be further reduced if full size water tanks are 
considered in the FEM simulation. 
 
Figure 6.52: Global displacement time histories of DVCB at car crash 
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It can be found that there are four main energy dissipation stage. The first energy 
dissipation point a reflects the initial impact contact between the car and the sliding 
plate. It transfers partial impact energy to the kinetic energy of the sliding plate, and 
strain energy of the DVCB. The second energy dissipation point b reflects the rotation 
of the L-plate. The energy is dissipated through the rotation, structural and material 
deformation. The third energy dissipation point c reflects the L-plate hitting on the 
road. With continuous sliding on the road, the strain energy, plastic dissipation, and 
friction dissipation are invovled in this stage. The fourth energy dissipation point d 
reflects the car hitting the top plate of the L-plate. After these four stages, the energy 
is fully dissipated, and the car is stopped. 
 
Figure 6.53: Impact energy dissipation during car crash 
 
The spikes play a significant role during the entire impact energy dissipation 





















Chapter 6 Deployable Protective Structure Behaviour against Impact 
- 233 - 
and friction. Adequate friction enhanced by the spikes is essential to resist the huge 
impact force. Besides, their penetration into the road surface could provide a strong 
grasping force to connect the barrier and road tightly, also increasing the contact force 
in the tangential direction. 
6.3 Summary and Discussions 
In this chapter, the high velocity impact resistance of Deployable Protective Shelters 
(DPSh) (in range of 100 m/s) and low velocity impact resistance of Deployable 
Vehicle Crash Barrier (DVCB) (in range of 10 m/s) were investigated through both 
numerical simulations and experiments. The studies included impact resistance of the 
high strength steel for the DPSh against 9 mm round nose Full Metal Jacket (FMJ) 
bullet and 12.7 mm Fragment Simulating Projectile (FSP), and the crashworthiness of 
the proposed DVCB. 
 
For high velocity penetration tests, bullet and FSP impact were shot on high strength 
steel plates and high strength fabrics in accordance with the NIJ standard and 
STANAG standard respectively. The results were compared with tests on mild steel. 
Both high strength steel plate, 6 mm XAR-450 steel plate and 3 mm SECURE MS 
steel plate, and the 8 mm mild steel plate passed NIJ Standard 0108-01 level IIIA 
against 9 mm FMJ bullet at 426 m/s. 26 plies Twaron fabric failed to resist this 9 mm 
FMJ bullet penetration. However, 58 plies Twaron fabric provided better impact 
resistance. With regard to the FSP penetration test, the 6 mm XAR-450 steel plate, 3 
mm SECURE MS steel plate and 8 mm mild steel were tested. Only XAR-450 steel 
reached STANAG level 1 to 3 (12.7 mm FSP at 310 m/s, 420 m/s, 560 m/s). 3 mm 
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SECURE MS steel plates failed for all three levels. And the mild steel passed level 1 
and level 2 but failed at level 3. 
 
Advanced Finite Element Method (FEM) simulation was carried out to further predict 
the high velocity impact resistance of high strength steel XAR-450. The general finite 
element analysis software ABAQUS is used. During the process of calculation and 
analysis, a nonlinearity effect is included. Plasticity is governed by von Mises yield 
criterion combined with an isotropic hardening rule. The interaction during the high 
speed impact uses penalty contact method. The findings showed that strain rate effects 
were of significance in the high velocity impact range for both 9 mm FMJ bullet and 
12.7 mm FSP. The high velocity impact led much less deformation on high strength 
steel XAR-450 than in the mild steel. The results with strain rate effects matched 
better with the experimental data for both the high strength steel XAR-450 and mild 
steel. However, the strain rates effects led more decrease in the penetration depths in 
mild steel than in the high strength steel XAR-450. It is found that strain rate effect in 
the mild steel is more significant than the high strength steel XAR-450, which agrees 
with the conclusion in Chapter 4. In addition, the deformed mushroom-like shapes of 
the bullet and FSP after impact are similar in both numerical analysis and tests. 
 
9 mm FMJ bullet was used to investigate the stiffness and robustness of 6 mm high 
strength XAR-450 steel plate. The bullet is made of a copper jacket and a lead core. 
During the impact simulation, the copper jacket suffered large deformation and was 
torn at the tip of the round nose, followed by the large plastic deformation of the lead 
core. The entire bullet was greatly flattened, while the deformation of the steel plate 
was negligible, approximately 0.2 mm. As a comparison with mild steel, Both the 
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experimental and numerical penetration depths are about 5 ~ 6 times greater than 
those of the high strength steel XAR-450. For the mild steel, the strain rate effects 
reduced more than a half of the penetration depths from 2.41 mm to 1.12 mm. 
 
The deformed shapes FSP at different impact velocities in FEM simulation remain 
consistent with those in test results. The heads of the FSPs were shortened and 
flattened. Higher impact velocity led to more severe deformation due to high energy 
mitigation. The penetration depths were not affected much by the locations of impact 
point and the multi-shot effects. It implied that the local deformation is more 
significant than the global deformation in a high velocity impact. 
 
The experimental investigations on low velocity impact include friction and impact 
tests for spikes to validate the energy dissipation of the proposed Deployable Vehicle 
Crash Barrier (DVCB) system to under vehicle crash impact. It is found in the friction 
test that the coefficient of the spiked plate is in the range of 2.2 ~ 2.6. And the asphalt 
concrete road surface sample impact test showed that the penetration height ranges 
from 2.4 cm to 2.9 cm with the energy of 525 J to 1144 J. The energy required for the 
designed spike to penetrate a unit volume (cm3) ranges from 227 J to 290 J. Such 
information serves as input for the numerical simulation of a full scale car crash on 
the barrier. 
 
The crashworthiness of the DVCB without integrating the water tanks was 
investigated through numerical simulations. The results showed that the proposed 
system could provide a satisfied stopping distance of 0.43 m against the impact of a 
car with a 2000 kg weight traveling at 60 km/hour (16.7 m/s) impact. 
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Chapter 7 Conclusions and Recommendations 
7.1 Conclusions 
In this thesis, relevant literature references were reviewed and various deployable 
structures and protective structures were summarized. The need to achieve a balanced 
combination of these two types of structures was identified. An innovative structural 
system was proposed to take both advantages of deployable structures and protective 
structures. The concept of Deployable Protective Structures (DPS) was proposed and 
developed. The design principle of DPS involves multiple disciplines’ knowledge and 
technologies. A variety of aspects concerned were considered in comprehensive 
design of the DPS. The thesis has achieved the proposed objectives as summarized in 
following sub-sections. 
 
7.1.1 Innovative Design Concepts 
The concept of Deployable Protective Structures (DPS) is an innovative engineering 
attempt, which is comprehensively developed in this thesis. Major features of two 
DPS systems are summarized in the following sub-sections. 
7.1.1.1 Deployable Protective Shelter 
Deployable Protective Shelter (DPSh) systems proposed in this thesis possess 
distinctive features: convenient storage and transportation, high deployment ratio, 
mobility, moderate accommodations and ability to be reconfigured for different 
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applications. Their modules can be combined to form a variety of configurations to 
suit a variety of applications, in particularly to be able to adapt quickly to meet the 
high mobility required in military activities. Large span, medium span and portable 
size DPShs established the significant step in the morphology exploration and design. 
Their graphical modeling and scaled prototypes were created and fabricated to 
validate engineering design concept and to realize the deployment process. Detailed 
designs such as joint design, lock system design, mechanism system and stability 
considerations have validated their feasibility and reliability. Some of the detailed 
designs can also be applied in other types of structures. 
7.1.1.2 Deployable Vehicle Crash Barrier System 
Unlike existing barriers, the Deployable Vehicle Crash Barrier (DVCB) system 
escapes the weight of science and technology through creative engineering concept. It 
was developed from the original concept of a three-fold origami structure with a 
combination of water dissipation system. Both the graphical drawings and scaled 
prototypes are provided for the feasibility and effectiveness of this proposed DVCB 
system. The impact resistance of the developed DVCB is realized via the 
incorporation of several systems. Instead of simply providing resistance to the 
oncoming vehicle, the power and energy are leveraged as if the weight and kinetic 
energy of the car is converted from impact to a stopping force. The process includes 
absorbing the impact energy via the water tanks, transferring the energy towards the 
road via the rotating arm, and finally stopping the car upon contact with the road. The 
customizable barrier system developed have distinct features: the energy dissipation 
approaches by distribution of water mass and enhanced friction with spike penetration 
and the system is foldable to facilitate transportation. 
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7.1.2 Experimental Investigations of Protective Materials 
The materials for covering DPSh and energy dissipation for DVCB are experimentally 
investigated. The results are shown in the following three sub-sections. 
7.1.2.1 Hopkinson Bar Test for Strain Rate Effects on High Strength Steel 
The strain rate effects of high strength steel XAR-450 at high strain rates within the 
range of 103 s-1 to 104 s-1 are experimentally investigated by TSHB test. The stress, 
strain, and strain rate in the specimen were obtained through the elastic wave 
propagation theory, based on the incident wave, transmitted wave, and reflected wave. 
The dynamic stress strain relationships at different strain rates were interpreted using 
FFT smoothing method.  
 
Strain rate dependent plasticity study on the high strength steel XAR-450 results in a 
series of material parameters in two material models, Cowper-Symonds and 
Johnson-Cook. Such parameters are useful for high strain rate finite element 
simulations of high strength steel in commercial software such as ABAQUS or other 
relevant numerical formulations. The experimental study has also shown that 
Cowper-Symonds material model provides a better fit of stress strain relationships 
than Johnson-Cook model. 
 
The high strength steel XAR-450 exhibits less strain rate effect compared with mild 
steel A36. In another word, strain rate effect is more significant for lower strength 
steel. However, the strain rate effect still need to be considered in any simulation or 
material investigation under dynamic loadings because the present study shows that 
even for high strength steel, ultimate tensile strength increases 25% when the strain 
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rate is increased from 103 s-1 to 104 s-1, and even more significant of up to 40% from 
static to 104 s-1. This finding means it is important to consider the strength 
enhancement of the high strength steel in order to provide a less conservative and cost 
effective design for the structures under high strain rate loadings.  
7.1.2.2 Penetration Test of Various Protective Materials 
High velocity impact tests have been conducted on the protective materials including 
high strength steel plates, mild steel and high strength fabrics. The high strength 6 mm 
XAR-450 steel plate and 3 mm SECURE MS steel plate, and 8 mm mild steel plate 
passed NIJ Standard 0108-01 level IIIA against 9 mm Full Metal Jacket (FMJ) bullet 
at 426 m/s. 
 
26 plies Twaron fabric failed to resist this 9 mm FMJ bullet penetration. However, 58 
plies Twaron fabric offered good resistance to its penetration. The spalling in 
composite fabric under the high velocity impact notably decreases their multi-hit 
capability. In addition, the multi-layer fabric with adequate protection level is much 
thicker than the steel plates, causing it unsuitable for the deployment of DPSs. 
Another disadvantage is the complex technology needed to connect the Twaron fabric. 
 
With regard to the Fragment Simulating Projectile (FSP) penetration test, the high 
strength steel 6 mm XAR-450 steel plate and 3 mm SECURE MS steel plate, and 8 
mm mild steel plate were tested. Only 6 mm XAR-450 steel reached STANAG level 1 
to 3 (12.7 mm FSP at 310 m/s, 420 m/s, 560 m/s). 3 mm SECURE MS steel failed for 
all three levels, and 8 mm mild steel passed level 1 and 2 but failed at level 3. 
 
Chapter 7 Conclusions and Recommendations 
- 241 - 
Therefore, 6 mm high strength steel XAR-450 is recommended to use in the DPS 
systems. 
7.1.2.3 Experimental Investigation of Spikes for Deployable Vehicle Crash 
Barrier System 
The experimental investigations on low velocity impact include friction and impact 
tests for spikes to validate the energy dissipation of the proposed Deployable Vehicle 
Crash Barrier (DVCB) system to under vehicle crash impact. It is found in the friction 
test that the coefficient of the spiked plate is in the range of 2.2 to 2.6. And the asphalt 
concrete road surface sample impact test showed that the penetration height ranges 
from 2.4 cm to 2.9 cm with the energy of 525 J to 1144 J. The energy required for the 
designed spike to penetrate a unit volume (cm3) ranges from 227 J to 290 J. Such 
information serves as the input information for the numerical simulation of a full scale 
car crash on the barrier. 
7.1.3 Advanced Finite Element Simulation of DPSs under Blast and 
Impact 
The advanced finite element simulations were carried out to investigate the blast and 
impact resistance of the proposed DPS systems. 
7.1.3.1 Finite Element Simulation of DPSs Subject to Blast 
Preliminary numerical simulations on the blast resistance of a sample plate were 
carried out to provide useful information on the critical blast stand-off distance. This 
distance can be used as a bound to indicate the structure starts to experience plastic 
deformation. The blast field test showed the steel plate could perform consistently as 
predicted by the finite element simulations, resulting in slight residual plastic 
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deformation of less than 1 cm. 
 
Strain rate effects of 6 mm XAR-450 steel plate against MK series blast loadings are 
investigated through the blast response of the Connectable Collapsible 
Container-based Shelter (3C Shelter). The strain rate effects are negligible because the 
strain rates were less than 100 s-1. Parametric study showed that the higher charge 
weight and shorter blast stand-off distance resulted in higher structural deformation 
and residual plastic deformation. Comparison of using 6 mm high tensile XAR-450 
steel plate and 3 mm SECURE MS special steel plate were made through the 
investigation on the structural deformation of 3C Shelter. The results showed that 
critical blast stand-off distance is 40 m for the 6 mm XAR-450 steel and 30 m for the 
3 mm SECURE MS steel. The residual plastic deformation for the former is 7 mm, 
and that for the latter is 6 mm. It can be concluded that the higher blast resistance 
takes an expense of heavier structural weight. The lighter 3 mm SECURE MS special 
steel is used as an alternative high strength protective material if the blast protection 
level is allowed to be lowered moderately. 
 
The alternative counterweight design concept was validated through the investigation 
on the blast resistance of Foldable Container-based Shelter (FC Shelter). The critical 
blast stand-off distance for occurring plastic deformation is 30 m, which is in good 
agreement with the 3C Shelter. The sliding distances, uplift distance and moving 
velocity were investigated for the FC Shelter against blast MK82 with different 
stand-off distances. They are 0.36 m, 0.16 m, 1 m/s for a loading case of MK82 at 10 
m. Closer blast stand-off distance means higher energy from the blast, which would 
release more energy to move the structure further, higher, and faster, which may result 
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in more harmful effect on the personnel inside. 
 
The fracture mechanics of XAR-450 were investigated for the failure analysis of the 
DPSs against extreme blast loadings. The fracture strain and stress triaxiality 
relationship of XAR-450 was studied and obtained first. The failure forms of the 3C 
Shelter were simulated with a comparison of the Standard Commercial Container 
(SCC). It can be concluded that the 3C shelter offers high protection level and high 
blast resistance, the permanent plastic deformation is much less than that of the SCC. 
Based on the parametric study on the redeployment limits blast resistance and 
ultimate collapse protection level, 6 mm XAR-450 steel showed the best combination 
of the deployment weight and protection level. 
7.1.3.2 Finite Element Simulation of DPSs Subject to Impact 
Advanced Finite Element Method (FEM) simulation was carried out to further predict 
the high velocity impact resistance of high strength steel XAR-450. The findings 
showed that strain rate effects were of significance in the high velocity impact range 
for both 9 mm FMJ bullet and 12.7 mm FSP. The high velocity impact causes less 
deformation on high strength steel XAR-450 than in the mild steel. The results with 
strain rate effects matched better with the experimental data for both the high strength 
steel XAR-450 and mild steel. It is found that strain rate effect in the mild steel is 
more significant than the high strength steel XAR-450, which agrees with the 
conclusion in Chapter 4. In addition, the deformed mushroom-like shapes of the bullet 
and FSP after impact are similar in both numerical analysis and tests. 
 
The deformed shapes of the FSP at different impact velocity in FEM simulation 
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remain consistent with those in test results. The heads of the FSPs were shortened and 
flattened. Higher impact velocity led to more severe deformation due to high energy 
dissipation. The penetration depths were not affected much by the location of FSP 
impact point and the multi-shot effects. It implied that the local deformation is more 
significant than the global deformation in a high velocity impact. 
 
The crashworthiness of the DVCB without integrating the water tanks was 
investigated through numerical simulations. The results showed that the proposed 
system could provide a satisfied stopping distance 0.43 m against the impact of a car 
with a 2000 kg weight traveling at 60 km/hour (16.7 m/s) impact. 
7.2 Recommendations for Future Studies 
This research involves the novel engineering design concepts and blast and impact 
resistance investigation of an innovative type of structure – Deployable Protective 
Structure (DPS). Both deployability and protection aspects can be very interesting 
research areas.  
 
More innovative forms of DPS could be explored and developed based on 
morphology and origami study. The proposed novel concept of DPS can be extended 
to mega DPS to serve as a protective shield against terrorist attack, which offers 
acceptable protection level to insulate or protect the roof and wall structure system 
from the blast and impact loadings. Further research is needed to make it feasible and 
effective. 
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Full scale size prototypes would be fabricated, and then their ballistic resistance of 
DPS through the real blast field test will be very interesting. In this case, it will offer a 
comprehensive picture to help to understand the protective performance or blast 
resistance of DPS. 
 
Fracture mechanics of high strength steel need further investigation. The blast and 
impact always results in severe structure failure and collapse. Fracture tests would be 
carried out for high strength steel to provide more accurate damage material 
parameters. 
 
Practical realization of DPS entails a lot of research work and trials. It embodies the 
correlation of multi-disciplinary knowledge, and the application of artificial 
intelligence in the design of DPS. In conclusion, approaching modern technology to 
make structures more reliable and functional is challenging. 
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Appendix A: Mesh Convergence Study 
Figure A.1 and Figure A.2 show the mesh convergence study on the 3C shelter and 
the 6 mm thick 200 mm × 200 mm high strength steel XAR-450 plate, respectively. 
Based on the investigation on the structure natural frequency, the mesh size of 0.05 m 
and 0.001 m were used in the finite element modeling of shell element in 3C shelter 
and solid element in 200 mm × 200 mm high strength XAR-450 plate, respectively. 
 
Figure A.1: Natural frequency of 3C shelter with different mesh sizes 
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Appendix B: Asphalt Pavement Fabrication 
The asphalt pavement specimen are made up of W3B mix, which is the standard type 
of mix used in Type I roads (major arterial and expressways) in Singapore. The 
standard W3B mix is obtained in the premix form, so no sieve analysis is required. 
 
Prior to casting, the asphalt mix is preheated to a temperature of 100˚C for 15 hours 
and then 160˚ C for 7 hours  to achieve a suitable level of workability. After pouring 
the heated mix into the wood mould, the asphalt layer is then compacted manually 
using a 10 kg drop hammer with a sequence of 13 blows per pass to a thickness of 
about 90 mm. The sequence is shown in Figure B.1. A plywood board is placed on 
top during compaction to ensure uniform compaction. Figure B.2 shows the 
compaction process. After compaction the asphalt layer was checked with a leveling 
staff to ensure that the surface is level.  
 
Figure B.1: Sequence of compaction for the asphalt 
 
Figure B.2: Compaction of the asphalt  
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Appendix C: Preliminary Calculation on Energy 
Dissipation of DVCB 
The calculation is based on the 6 m wide 2-lane road. 
C.1 Input parameters 
C.1.1 The barrier 
Cross section area of water tank 
2
water tank 0.65 mA ≈  
Volume of the water per tank 
3
water tank water tank water tank 0.65 0.5 0.325 mV A L= ⋅ = × =  
Weight of the water in each tank 
3 3
water tank water water tank 1000 kg/m 0.325 m 325 kgW Vρ= ⋅ = ⋅ =  
Weight of the water in the barrier 
water water/tank 12 325 kg 3900 kgW n W= ⋅ = × =  
water+container 4000 kgW ≈  
Weight of hinged L-plate and in a module 
L plate/module 235 kgW =  
Weight of hinged base plate and in a module 
base plate/module 70.65 kgW =  
Weight of hinged L-shape plate and base plate in a barrier 
L plate + base plate/barrier 12 (235 70.65) kg 3672 kgW = × + =  
Weight of each sliding plate 
3
slider plate 7850 kg/m 985 mm 500 mm 30 mm 116 kgW = × × × =  
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Weight of sliding plate in a barrier 
slider plate/barrier slider plate 1392 kgW n W= ⋅ =  
Weight of the module 
 module 70.65 235 116 325 750 kgW = + + + ≈  
Weight of the barrier 
 barrier 12 750 9000 kgW = × =  
The material for L-plates, base plates, sliding plates, and spikes is S460. The material 
for the cover is rubber with low stiffness but fairly high friction coefficient with 
concrete/asphalt road surface. 
 
C.1.2 The car 
Weight of the car 
car 2000 kgW =  
Design speed of the car 
0 60 km/h 16.7 m/sv = =  
 
C.1.3 The concrete/asphalt material 
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C.2 Phase I 
 
 
Figure C.1: Phase I 
In this phase (Figure C.1), the car just contacted the sliding plate within a fairly short 
time 1 0t → , then the car and sliding plates move together. The perfect inelastic 
collision is assumed for this transient stage. 
 
Conservation of Momentum 
( )car 0 car slider/module 14M v M M v⋅ = + ⋅                   (C.1) 
solve the Equation (C.1), 1 13.6 m/sv = . 
v0 
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C.3 Phase II 
After phase I, the car and sliding plates move together to press the water tanks, thus 
squeezing out the water through the openings at the two ends and on the top surfaces. 
This is the phase II, as shown in Figure C.2. At the end of this phase, the L-plate is 
just before going to rotate down, and the velocity of the car is decreased from 1v  to 
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The strain energy dissipated by the deformation of the car and the barrier is not 
considered in this calculation. Based on conservation of momentum and energy, and 
geometry, six equations (C.2 ~ C.7) can be written as following 
 ( ) ( )car slider/module 1 2 2 24 -M M v v F t+ ⋅ = ⋅                 (C.2) 
2 2 2 2 2barrier 2bF t f t M v⋅ − ⋅ = ×                    (C.3) 
2water w 2w 2opening 2M v A tρ= ⋅ ⋅ ⋅                    (C.4) 
2b
2 22
vS t= ⋅                           (C.5) 
1 2
2 22
v vs S t++ = ⋅                        (C.6) 
car1 slider1 car2 slider2 water2 barrier2 2 2E E E E E E f S+ = + + + +           (C.7) 
in which 
 2F  is the reaction force on the car and sliding plates during this phase, which is 
assumed to be constant. 
 2t  is the time during phase II. 
 2f  is the friction force of the barrier with the road. 
2barrierM  is the mass of the barrier excluding the released water mass. 
 2bv  is the velocity of the barrier. 
2waterM  is the mass of water squeezed out. 
 wρ  is the density of the water. 
 2wv  is the velocity of the water. 
 2openingA is the total area of the openings through which the water will fly out.  
 2S is the displacement of the barrier during Phase II. It is assumed the 
acceleration of the car keeps constant during this phase. 
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 s  is the relative displacement of the sliding plate to the base plate. 
 car1E is the kinetic energy of the car at the end of phase I. 
 slider1E is the kinetic energy of the sliding plates at the end of phase I. 
 car2E is the kinetic energy of the car at the end of phase II. 
 slider2E is the kinetic energy of the sliding plates at the end of phase II. 
 water2E is the kinetic energy of the water squeezed out during Phase II. 
 barrier2E is the kinetic energy of the barrier at the end of Phase II. 
 
Based on the deformation of the water tanks during Phase II, the mass of water flow 
could be obtained by 
3 2
2water water 2deformation baseplate 1000 kg/m 4 0.4 m 0.5 m 800 kgM n A Lρ= ⋅ ⋅ ⋅ = × × × =  
Thus, 
2barrier 9000 800 8200 kgM = − =  
Relative displacement s of the sliding plate can be used as the equal length of the base 
plate, i.e. 
0.6 ms =  
Assume the total area of the opening 
2
2opening 0.5 0.9 4 70% 1.26 mA = × × × =  
The friction force between the base plate and the road 
2 2.36 8200 10 193520 Nf Mgµ≤ = × × =  
If in the case of 2 2F f< , it implies the barrier does not move, thus, 2 0S =  and 
2b 0v = . 
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Based on the assumptions, solving the equations (C.2 ~ C.7), six unknown variables 




























Therefore, the speed of the car is decreased to 2 11.35 m/sv = in the time of 
2 0.047 st = . The interaction between base plate and road is enough to bear the impact 
force from the vehicle, making the barrier not move at this phase. 
C.4 Phase III 
 
 
Figure C.3: Phase III 
v3 
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Phase III (Figure C.3) is a transient stage, when the L-plate starts to rotate down with 
respect to the hinge at the base plate. The L-plate is going to have a different form of 
velocity with the base plate. The time for this phase is fairly short 3 0t → . 
( ) ( )car slider/module 2 car slider/module Lplate/module 34 4 4M M v M M M v+ ⋅ = + + ⋅    (C.8) 
The velocity of the car at the end of phase III 
3 8 m/sv =  
C.5 Phase IV 
 
 
Figure C.4: Phase IV 
 
At the beginning of phase IV, the sliding plate, L-plate and car start to separate, as 
shown in Figure C.4. The L-plate is rotating down during this phase. The overturning 
v4 
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of the L-plate is accelerated due to its gravity. Spikes on the surface of L-shape plate 
punch through the road surface. The dislodged sliding plate is dropping down on the 
base plate due to the gravity. It continues to squeeze the water left in the water tank. 
By the end of Phase IV, the car is stepping onto the base plate. It moves forward with 
a speed of 4v , and the L-plate is tightly connected to the road surface by the spikes 
welded on the plate. The velocity of L-plate and sliding plate is assumed to be zero. 
 
Because L-plate, sliding plate, and car start to separate with the same initial velocity 
3v  at beginning with the phase IV, the velocity 4v  may be expressed as 
4 3 8 m/sv v= =  





E J M vω= +                    (C.9) 








= × × + × − × × × = 
 
 
and LplateJ  is the moment of inertia of the L-plate 
 2Lplate Lplatev Lplate
1
3
J M L=                      (C.10) 





ω =                           (C.11) 
in which, LplateL is the length of the vertical height of the L-plate. 
2
Lplatev 4 (1 0.03 0.12 / 4) 0.5 7850 528 kgM = × × + × × =  
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Therefore, the kinetic energy E can be obtained. 
18880 JE =  
This is the energy to punch the spikes into the road surface. 
 
C.6 Phase V 
 
 
Figure C.5: Phase V 
 
In this phase (Figure C.5), the car hits the L-plate and stepped onto the barrier, thus 
imposing its gravity to the barrier. The car will move together with the whole barrier 
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The energy to be dissipated in Phase V is the kinetic energy of the car  
   car5 5 5E f S=                         (C.12) 
in which, 
 5S is the distance of the car moving together with the barrier. 
 5f is the friction force between the barrier and road in the phase V, is expressed as 
5 car barrier waterout( )
2.36 (2000 9000 1200) 10 231280 Nm
f M M M gµ= + −
= × + − × =
 
and kinetic energy of the car is 
2 2
ar5 rca c 4
1 1 2000 8 64000 Nm
2 2




can be obtained from Equation (C.12) 
5 0.277 mS =
 
After phase V, the 5 0.277 mS = velocity of the car is decreased to 5 0 m/sv = . The 
stopping distance is 0.277 m. 
 
 
